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ABSTRACT 

A 6 0 0  v o l t ,  475  ampere SCR w a s  des igned  and opt imized  t o  
improve t h e  n u c l e a r  r a d i a t i o n  r e s i s t a n c e  t o  exposures  o f  
5 x n v t  (En  > 0 . 1  M e V )  and 1 x l o 6  r a d  ( C ) .  

d ev ice  models w e r e  developed t o  ana lyze  the SCR i n  a r a d i a t i o n  
environment and t o  p r e d i c t  consequent changes i n  dev ice  
c h a r a c t e r i s t i c s .  
t echn iques  t o  d e s i g n  a t h e o r e t i c a l l y  op t imized  s t r u c t u r e  char- 
a c t e r i z e d  by a sha l low d i f f u s e d  forward b l o c k i n g  j u n c t i o n ,  a 
narrow p-base and a h i g h l y  s e n s i t i v e  g a t e  u s i n g  p i l o t  t r i g g e r i n g .  

T h e o r e t i c a l  

Ca lcu la t ions '  were performed u s i n g  numer ica l  

F a b r i c a t i o n  of t h e  above dev ice  was a t t empted ,  however, 
d i f f i c u l t i e s  were encountered  i n  producing d e v i c e s  which exhib-  
i t e d  t h e  d e s i r e d  b lock ing  v o l t a g e .  T h i s  r e s u l t e d  from non- 
u n i f o r m i t i e s  i n  t h e  sha l low d i f f u s e d  j u n c t i o n .  I n  o r d e r  t o  
o b t a i n  a r e a s o n a b l e  b lock ing  v o l t a g e  y j - e ld ,  it w a s  necessa ry  t o  
i n c r e a s e  the d i f f u s i o n  d e p t h  o f  the forward  b lock ing  j u n c t i o n .  
S ince  t h e  l a t t e r  a d v e r s e l y  affects  the r a d i a t i o n  r e s i s t a n c e ,  it 
w a s  concluded t h a t  a d e f i n i t e  t r a d e - o f f  e x i s t s  between r a d i a t i o n  
r e s i s t a n c e  and a v a i l a b l e  p r o c e s s i n g  technology r e q u i r e d  for h i g h  
c u r r e n t  S C R s  e 
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1. SUMMARY 

The major  o b j e c t i v e  of  t h i s  work w a s  t o  op t imize  t h e  d e s i g n  
af a 6 3 3  v o l t ,  4 7 5  ampere SCR t o  improve t h e  n u c l e a r  r a d i a t i o n  
- r e s i s t ance  t o  exposures  of 5 ~ 1 0 ~ ~  n v t  (En >0.1 M e V )  and 1x106 rads 

( C ) .  An a n a l y t i c a l  s t u d y  w a s  performed t o  develop t h e o r e t i c a l  
dev ice  models which would p r e d i c t  changes i n  dev ice  c h a r a c t e r i s t i c s  
r e s u l t i n g  from exposure t o  t h e  above r a d i a t i o n  l e v e l s .  Numerical 
t echn iques  w e r e  used t o  c a l c u l a t e  t h e  effects on t h e  fo l lowing  dev ice  
c h a r a c t e r i s t i c s :  

1) Reverse b lock ing  c h a r a c t e r i s t i c s  
2 Forward b lock ing  c h a r a c t e r i s t i c s  
3 1 Forward conduct ion c h a r a c t e r i s t i c s  
4) Gate t r i g g e r  c u r r e n t s  
5 )  Dynamic c h a r a c t e r i s t i c s  

The r e s u l t s  of  t h e  c a l c u l a t i o n s  w e r e  used t o  opt imize  t h e  dev ice  
s t r u c t u r e  i n  t h e  f o l l o w i n g  manner: 

1) The b lock ing  v o l t a g e  c a p a b i l i t y  could  be main ta ined  by 
p rov id ing  for i n c r e a s e d  d e p l e t i o n  r e g i o n  sp read ing  i n  
t h e  l i g h t l y  doped n-base.  

2 )  The n-base w i d t h  could  be opt imized  for minimal forward 
drop by j u d i c i o u s  cho ice  of t h e  s t a r t i n g  r e s i s t i v i t y .  

3 )  The g a t e  c h a r a c t e r i s t i c s  cou ld  be improved by u s i n g  a 
narrow p-base ,  s e l e c t i n g  sha l low d i f f u s i o n  p r o f i l e s  t o  
create a h i g h  b u i l t - i n  f i e l d  t o  a i d  m i n o r i t y  car r ie r  
t r a n s p o r t ,  i n c r e a s i n g  t h e  l a t e ra l  r e s i s t a n c e  i n  t h e  
p-base t o  i n c r e a s e  t h e  g a t e  s e n s i t i v i t y ,  and u s i n g  p i l o t  
g a t e  t r i g g e r i n g  t o  e s t a b l i s h  h i g h  g a t e  c u r r e n t s  i n  t h e  
main SCR. 

A major conc lus ion  o f  t h i s  e f f o r t  w a s  t h a t  p rocess ing  technology 
w a s  no t  a v a i l a b l e  t o  f a b r i c a t e  t h e  d e s i r e d  s t r u c t u r e .  I t  w a s  neces-  
s a r y  t o  change t h e  s t r u c t u r e  of  t h e  d e v i c e  p r e d i c t e d  t h e o r e t i c a l l y  t o  
one which could  be fabr icated u s i n g  s t a t e - o f - t h e - a r t  p r o c e s s i n g  
technology.  

- 1- 



2 e INTRODUCTION 

Since  i t s  commercial i n t r o d u c t i o n  approximately t e n  y e a r s  ago ,  
t he  s i l i c o n  c o n t r o l l e d  rec t i f ie r  (SCR) has  become t h e  workhorse i n  
t h e  f i e l d  of power conve r s ion ' and  c o n t r o l .  More r e c e n t l y ,  however, 
m i l i t a r y  and space  a p p l i c a t i o n s  o f t e n  r e q u i r e  such a s o l i d  s ta te  
swi t ch  t o  have c h a r a c t e r i s t i c $  which do n o t  change s i g n i f i c a n t l y  
when exposed t o  r a d i a t i o n  environments.  

A s  a r e s u l t  of a v a s t  amount of r e s e a r c h  i n t o  t h e  e f f e c t s  of 
e l e c t r o n ,  gamma, n e u t r o n ,  and heavy charged p a r t i c l e  r a d i a t i o n  f i e l d s  
upon semiconductom and m e t a l ?  (see, f o r  example, Reference 11, it 
has become w e l l  e s t a b l i s h e d  t h a t  s u f f i c i e n t l y  l a r g e  doses  of  such 
r ad , i a t ion  can cause bo th  temporary and permanent changes i n  t h e  

c h a r a c t e r i s t i c s  of s o l i d  s ta te  dev ices .  
i n  connect ion wi th  t h e  r a d i a t i o n  r e s i s t a n c e  of  S C R s  i n d i c a t e d  a 

E a r l y  work (References 2 - 4 1  

r a p i d  deg rada t ion  of t h e  e lectr ical  characteristics of t h e s e  d e v i c e s .  
Wilson e t  a l .  (Reference 51, however, showed t h a t  t h e  deg rada t ion  
observed i n  pnpn dev ices  is a c t u a l l y  less t h a n  found i n  b i p o l a r  
t r a 3 s i s t o r s  hav ing  comparable base widths .  I n  c o n t r a s t  t o  p rev ious  
work (References  2 -5 )  a s s o c i a t e d  p r i m a r i l y  w i t h  commercially a v a i l a b l e  
S C R s ,  the  purpose of t h i s  c o n t r a c t  w a s  t o  a n a l y z e ,  d e s i g n ,  fabr icate ,  

and t e s t  SCRs which have been opt imized  f o r  use  i n  r a d i a t i o n  environ-  
ments. I n  p a r t i c u l a r ,  t h i s  program was d i r e c t e d  toward t h e  r e a l i z a t i o n  
of S(!Rs capab le  of o p e r g t i g n  i n  a neu t ron  environment of  5x10I3 n v t  
( E n > O . l  M e V )  and a gamma r a d i a t i o n  f i e l d  of 1x106 r a d s  ( C ) .  The 
program c o n s i s t e d  o f  three ph,ases: (1) t o  perform an a n a l y t i c a l  
s tudy  t o  op t imize  t h e  d e s i g n  and materials of SCRs having  improved 
r a d i a t i o n  t o l e r a n c e ;  ( 2 )  t o  des ign  and f a b r i c a t e  a very  h igh  c u r r e n t  

SCR toward t h e  r e a l i z a t i o n  of t h e  o b j e c t i v e  s p e c i f i c a t i o n s  o u t l i n e d  
i n  Appendix A ,  and having  improved r e s i s t a n c e  t o  t h e  above r a d i a t i o n  

-2 -  



environment;  and ( 3 )  t o  t es t  t h e  e lectr ical  c h a r a c t e r i s t i c s  of t he  

S C R s ,  a long  wi th  t h e  bulk  p r o p e r t i e s  of r e p r e s e n t a t i v e  samples of 
t h e  dev ices  p r i o r  t o  t h e i r  exposure' t o  a reactor r a d i a t i o n  envi ron-  
ment by NASA-LEWIS Research Center ,  Cleve land ,  Ohio. 

: 

The remainder  of t h i s  r e p o r t  i s  d i v i d e d  i n t o  seven ( 7 )  s e c t i o n s .  
S e c t i o n  Three (3) i s  concerned wi th  r a d i a t i o n  effects  i n  s i l i c o n  and 
change i n  c r y s t a l  p r o p e r t i e s .  S e c t i o n  Four (4) p r e s e n t s  the d e v i c e  
a n a l y s i s  and c o n s i d e r s  t h e  effects of t h e  r a d i a t i o n  damage on dev ice  
character is t ics ,  wh i l e  S e c t i o n  F ive  (5) makes use of these r e s u l t s  
t o  formula te  an opt imized  dev ice  des ign .  S e c t i o n  S i x  (6) i s  con- 
cerned wi th  p r o c e s s i n g  and p rocess ing  problems i n c u r r e d  d u r i n g  fab-  
r i c a t i o n  of t h e  opt imized  dev ice .  S e c t i o n  Seven ( 7 )  p r e s e n t s  t h e  
t e s t  r e s u l t s  of t h e  f a b r i c a t e d  d e v i c e s  and compares t h e s e  r e s u l t s  
t o  t h e  o b j e c t i v e  d e v i c e  s p e c i f i c a t i o n s .  The remainder  of t h e  r e p o r t ,  
S e c t i o n s  E igh t  (8) and Nine ( 9 1 ,  summarizes the r e s u l t s  from the  

t o t a l  e f f o r t  and p r e s e n t s  conc lus ions  and recommendations f o r  f u t u r e  
work. 
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3 .  

3 . 1  I n t r o d u c t i o n  

The n e t  e f fec t  of  

RADIATION EFFECTS I N  S ILICON 

r a d i a t i o n  upon a s i l i c o n  c r y s t a l  i s  damage 

due t o  c o l l i s i o n s  between i n c i d e n t  high-energy p a r t i c l e s  and atoms 

of t h e  mater ia l ,  and a l s o  subsequent  c o l l i s i o n s  caused by both  t h e  

high-energy p a r t i c l e s  and t h e  r e c o i l i n g  atoms. The p h y s i c a l  i n t e r -  

a c t i o n  involved  i n  t h e  c o l l i s i o n  i s  dependent upon t h e  t y p e  of 

i n c i d e n t  p a r t i c l e .  For e l e c t r o n s  and heavy charged p a r t i c l e s ,  

coulomb f o r c e s  are dominant,  whi le  for n e u t r o n s ,  t h e  i n t e r a c t i o n  

is due t o  c o l l i s i o n s  between t h e  nuc leus  of an atom and t h e  neu t ron .  

I n  t h e  case of gamma r a d i a t i o n ,  e l e c t r o n s  are produced by t h e  Compton 

e f fec t  and coulomb f o r c e s  t h e n  govern t h e  e l e c t r o n ' s  subsequent  

c o l l i s i o n s .  I f  as a r e s u l t  of such an i n t e r a c t i o n ,  t h e  r e c o i l i n g  

atom r e c e i v e s  s u f f i c i e n t  energy t o  be d i s p l a c e d  from i t s  e q u i l i b r i u m  

s i t e  i n  t h e  l a t t i c e  i n t o  an i n t e r s t i t i a l  s i t e ,  a vacancy i s  formed. 

I t  has  been e s t a b l i s h e d  t h a t  t h e  b a s i c  e v e n t ,  which causes  r a d i a t i o n  

damage i n  s i l i c o n ,  i s  t h e  format ion  of t h e  v a c a n c y - i n t e r s t i t i a l  p a i r .  

O f  c o u r s e ,  t h e  a c t u a l  damage 'can be much more compl ica ted ,  depending 

upon t h e  energy and d i r e c t J o n  o f  t h e  i n c i d e n t  p a r t i c l e .  Both i n t e r -  

s t i t i a l s  and vacanc ie s  are extremely mobile a t  room and even cryo- 

g e n i c  t empera tu res .  They a l s o  show a g r e a t  a f f i n i t y  t o  each  o t h e r  

and to t h e  defects and impur i ty  atoms, such as oxygen, e x i s t i n g  i n  

the  c r y s t a l  p r i o r  t o  i r r a d i a t i o n .  The re fo re ,  a l though t h e  basic 

damage even t  i s  t h e  format ion  of a v a c a n c y - i n t e r s t i t i a l  p a i r ,  t h e  

a c t u a l  r e s u l t  o f  damage from one o r  more i n c i d e n t  p a r t i c l e s  i s  t h e  

format i  on of' v a c a n c y - i n t e r s t i t i a l ,  d T - i n t e r s t i t i a l ,  di-vacancy , and 

vacancy-donor, vacancy-defect  and i n t e r s t i t i a l - d e f e c t  p a i r s ,  as w e l l  
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as many o t h e r s ,  These s i n g l e  defects and p a i r s  affect  t h e  e lec t r ica l  

p r o p e r t i e s  o f  t h e  c r y s t a l  by t h e  fo rma t ion  of  a d d i t i o n a l  ene rgy  l e v e l s  

i n  t h e  f o r b i d d e n  energy  gap.  S ince  t h e s e  energy  l e v e l s  may be e i t h e r  

sha l low or deep l e v e l  s i t e s ,  t h e y  may ac t  as donors ,  a c c e p t o r s  or 

recombina t ion  c e n t e r s .  Thus one might e x p e c t  p o s s i b l e  changes i n  t h e  

i conduc t iv i ty  and m i n o r i t y  ca r r i e r  l i f e t i m e  of t h e  c r y s t a l .  I n  addi -  

t i o n ' ,  s i n c e  t h e  r a d i a t i o n  damage r e p r e s e n t s  a p e r t u r b a t i o n  of t h e  

p e r i o d i c i t y  o f  t h e  c r y s t a l  l a t t i c e ,  orle might a l s o  e x p e c t  a decrease 

i n  t h e  ca r r i e r  m o b i l i t i e s ,  which,  o f  c o u r s e ,  a l s o  affects  t h e  conduc- 

t i v i t y  of t h e  c r y s t a l .  The fo rma t ion  o f  a d d i t i o n a l  energy  l e v e l s  i s  

a l s o  expec ted  a t  the s u r f a c e  o f  t h e  c r y s t a l ,  t h u s  a f f e c t i n g  i t s  sur- 

face m o b i l i t y ,  c o n d u c t i v i t y  and l i f e t i m e .  I n  g e n e r a l ,  t h e  e x t e n t  o f  

t h e  damage i s  dependent  upon (1) t h e  t y p e ,  energy  and d i r e c t i o n  of t h e  

i n c i d e n t  p a r t i c l e ,  ( 2 )  t h e  c o n c e n t r a t i o n  of  defect  and i m p u r i t i e s  

and t h e i r  t y p e  e x i s t i n g  i n  t h e  c r y s t a l  p r i o r  t o  i r r a d i a t i o n ,  and 

( 3 )  t h e  deg ree  of a n n e a l i n g  expe r i enced  by the c r y s t a l  a f t e r  i r radia-  

t i o n  

3 . 2  Displacement Ef fec ts  on L i f e t i m e  

The most s i g n i f i c a n t  change t o  semiconductor  c r y s t a l  p r o p e r t i e s  

caused by r a d i a t i o n  i s  t h e  d e g r a d a t i o n  o f  m i n o r i t y  car r ie r  l i f e t i m e .  

A s  d i s c u s s e d  b r i e f l y  i n  S e c t i o n  3 . 1 ,  t h i s  d e g r a d a t i o n  r e s u l t s  from 

t h e  a d d i t i o n  of  energy  l e v e l s  n e a r  t h e  middle  of t h e  band gap ,  by 

defec ts  and d e f e c t  c l u s t e r s .  These a d d i t i o n a l  energy  l e v e l s  ac t  as 

recombina t ion  c e n t e r s  and w i l l  r educe  t h e  m i n o r i t y  carr ier  l i f e t i m e  

in t h e  c r y s t a l .  

I f  one c o n s i d e r s  t h e  recombina t ion  ra te ,  R ,  which r e s u l t s  from 

:,i g iven  r a d i a t i o n  f l u e n c e ,  $ 9  an e x p r e s s i o n  of  t h e  form 
I 

R Ro + K@ (3.1) 
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i s  f o u n d ( 6 ) .  H e r e  Ro i s  the i n i t i a l  recombina t ion  ra te  and K i s  a 

damage c o n s t a n t  which i s  dependent upon the t y p e  and energy  o f  t h e  

r a d i a t i o n ,  t h e  t y p e  and r e s i s t i v i t y  o f  t h e  c r y s t a l ,  and even t h e  

!e f fec t  of o t h e r  i m p u r i t i e s C 7 ) ,  It can be s e e n  t h a t  t h e  f i n a l  recom- 

b i n a t i o n  ra te  R ,  and hence the l i f e t i m e ,  T ,  i s  a 

the i n i t i a l  l i f e t i m e  and the r a d i a t i o n  f l u e n c e .  

T h e  r a d i a t i o n  environment  s p e c i f i e d  i n  t h i s  

neu t ron  f l u e n c e  o f  5 x n v t  (En >.1 M e V )  and 

f u n c t i o n  o f  bo th  

c o n t r a c t  i s  a 

a gamma 

1 x lo6 Rads However, based upon r e s u l t s  p u b l i s h e d  

l i t e r a t u r e  ( 6  ’14) w e  have concluded t h a t  t h e  d isp lacement  

t h e  above gamma dose  w i l l  n o t  exceed t e n  p e r c e n t  of  t h a t  

i ieutron f l u e n c e  and ,  consequen t ly ,  o n l y  the n e u t r o n  dose 

dose of  

i n  t h e  

e f fec ts  o f  

o f  the 

w a s  con- 

s ide red  i n  c a l c u l a t i o n s  o f  l i fe t ime as a f u n c t i o n  o f  r a d i a t i o n  f l u e n c e .  

I n  o r d e r  t o  c a l c u l a t e  the e f fec ts  o f  n e u t r o n  r a d i a t i o n  upon t h e  

n i n o r i t y  c a r r i e r  l i f e t ime  , i n  s i l i c o n ,  a computer program w a s  w r i t t e n .  

Th i s  program assumes the two l e v e l  model o f  H a l l ,  Shockley ,  and 

Read(*”)  t o  p r e d i c t  the e f f ec t  of g o l d  recombina t ion  c e n t e r s  on t h e  

i n i t i - a 1  l i f e t i m e  and assumes t h e  two l e v e l  model and t h e  c a p t u r e  pro-  

b a b i l i t i e s  g i v e n  by Messenger (’’) t o  p r e d i c t  the e f f ec t  of n e u t r o n  

r a d i a t i o n .  ( A  complete f o r m u l a t i o n  i s  i n c l u d e d  i n  Appendix B). T h e  

r e s u l t s  from t h i s  program can be seen on t h e  cu rve  i n  F igu re  3 . 1 .  
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1x1~13 = GOLD CONCENTRATION cCmm3 I 

lo-* 

n 
0 w m 
v 

E 
H 
E+ w 
F4 
H 
crl 

z 
0 a: 
E+ 
0 
W 
J 
W 

lo1* 

NEUTRON FLUENCE ( n v t )  

F igure  3 . 1  Minor i ty  Carrier L i f e t i m e  
as a Funct ion of Neutron 
Fluence f o r  Various I n i T i a l  
Gold Concent ra t ions  e 

Computer c a l c u l a t i o n s  by Gwyn e t  a l e  us ing  t h i s  approach 

have r e s u l t e d  i n  good aqreement w i t h  measurements on t r a n s i s t o r s .  

Our c a l c u l a t i o n s  of  h i g h  l e v e l  l ifetimes a g r e e  w i t h  t h e  measurements 

(12) of Wilson e t  a l .  

3 a 2 3 isplacement  Effec'ts qn R e s i s t i v i t y  

I n c i d e n t  r a d i a t i o n  can cause a change i n  the r e s i s t i v i t y  of  

si-Xicon, e s p e c i a l l y  i n  t h e  hiy:h m s i z - t i v i t y  r e g i o n s  5-n much Lhe ~ ; ~ i n i c  

manner as gold  can e f f e c t  t h e  r e s i s t i v i t y .  Energy l e v e l s  created by 
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t h k  r a d i a t i o n  can c a p t u r e  m a j o r i t y  carriers and thepeby reduce  t h e  
number of free carriers i n  t h e  conduct ion band and raise t h e  resis- 
t i v i t y .  This  e f fec t ,  c a l l e d  carr ier  removal,  i s  e s p e c i a l l y  n o t i c e -  
a b l e  when the d e n s i t y  of damage c e n t e r s  approaches or s u r p a s s e s  t h e  

d e n s i t y  of doping i m p u r i t i e s .  

The effect  of neu t ron  displacement  damage on t h e  car r ie r  concen- 
t r a t i o n  can be g iven  by t h e  fo l lowing  e q u a t i o n  

Here No i s  t he  i n i t i a l  carrier c o n c e n t r a t i o n ,  wh i l e  t h e  t e r m  ( A N / A $ )  

i s  c a l l e d  the carrier removal rate.  This  ra te  has  been measured by 
C u r t i s  e t  a1.(l3) and v a r i e s  between 1 . 0  and 4 ca r r i e r s /n -cm for 
n-type s i l i c o n .  

I t  i s  i n s t r u c t i v e  a t  t h i s  p o i n t  t o  s t e p  ahead and c o n s i d e r  t h e  
'change i n  r e s i s t i v i t y  expec ted  on a t y p i c a l  6 0 0  v o l t  SCR i n  a 
5 x l O l 3  n v t  neu t ron  environment.  
device  would l i e  i n  t h e  neighborhood of 20  ohm c m ,  which would 
correspond t o  a doping c o n c e n t r a t i o n  of 2.4 x l o 1 4  a t o m s / c m 3 .  
one assumes a carr ier  removal rate of  1.3/n-cm(6) t h e n  w e  have 

The base  r e s i s t i v i t y  fo r  t h i s  

I f  

= 1.75 1 0 1 4  e 

T h i s  corresponds t o  a change i n  carr ier  c o n c e n t r a t i o n  o f  2 7 % .  
Bqeh le r ( l5  ) has  s u m a r g z e d  carrier removal d a t a  and has p r e s e n t e d  
curves of r e s i s t i v i t y  v e r s u s  neu t ron  f l u e n c e .  
e m p i r i c a l  r e l a t i o n s h i p  

The d a t a  f i t s  t h e  

where K has  been determined by Buehler  as 

K = 444 No for n-type s i l i c o n .  

Using Equat ion 3 .3  r e s u l t s  i n  a change of 38% i n  car r ie r  concen- 
t r a t i o n .  These Figures  w i l l  be used i n  t h e  d i s c u s s i o n  of  b lock ing  
charac te r i s t ics  e 

-8- 



4. DEVICE ANALYSIS 

$ 4  a 1 Introduction 

The analysis of thyristor characteristics has been the subject 
of considerable study in past years. The earliest approaches used 
classical techniques in order to gain an understanding of device 
operation. However, in the effort to produce tractable equations, 
simplifying assumptions are necessary and often result in an 
inaccurate prediction of device characteristics. More recently, the 
analysis of thyristor characteristics has been treated numerically(20, 
2 4  9 30 5 31 9 32 1. 

the predictions are more accurate. 
Tn these cases, fewer assumptions are necessary, and 

In consideration of this previous work, it seemed most promising 
to use numerical techniques in the optimization of the thyristor for 
radiation resistance. This work will be presented in this section. 
The objective is to pre$ent the model and simplified equations used 
in these analyses, so that a clear understanding of the effect of 
radiation on device characteristics can be developed. The detailed 
discussion of the specific numerical calculations will not be pre- 
kented, although the results €rom these calculations will be used 
extensively in the design of the thyristor, Section 5. 

4.2 Reverse Blocking Characteristics 

In order to analyze an SCR for reverse blocking, consider 
Figure 4.1. Here an SCR is pictured with two junctions reverse 
biased, and the center junction forward biased. 

If one considers the doping concentrations of the emitter base 
junction 53, one will see that this junction will have a limited 
blocking voltage capability in comparison to Junction J1. Therefore, 
the assumption is made that J3 will have no effect on the blocking . 
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Figure 4.1 'Model For Reverse Blocking SCR 
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I 
c h a r a c t e r i s t i c s  of  t h e  SCR. Consequently,  t h e  main b locking  j u n c t i o n  
i s  J1, t h e  one a d j a c e n t  t o  t h e  h igh  r e s i s t i v i t y  n-base r eg ion .  From 
an e q b i v a l e n t  c i r c u i t  p o i n t  of  view, t h e  model becomes one of a pnp 
t r a n s i s t o r  e x h i b i t i n g  a c u r r e n t  g a i n ,  a p >  i n  se r ies  wi th  an avalanche 
d iode .  

The r e v e r s e  b lock ing  c u r r e n t  which f lows through t h e  S C R  can be 
expressed  by Equat ion 4 . 1 ,  (16) 

here, Io, t h e  j u n c t i o n  Leakage c u r r e n t ,  i s  a f u n c t i o n  o f  v o l t a g e  
and i s  given by(16) 

I ( 4 . 2 )  - 
I o  - Mn 'dn ' P I dP ' Msc sc 

where Mn, M p ,  and Msc are t h e  avalanche m u l t i p l i c a t i o n  f a c t o r s  a s s o c i a t e d  
wi th  e l e c t r o n ,  h o l e ,  and space  charge gene ra t ed  c u r r e n t s ,  r e s p e c t i v e l y .  
Also, Idn  and Idp  are t h e  e l e c t r o n  and h o l e  d i f f u s i o n  c u r r e n t s ,  and 
Isc i s  t h e  space  charge  gene ra t ed  c u r r e n t .  The c u r r e n t  g a i n ,  a , i s  
a f u n c t i o n  of v o l t a g e  and can be approximated by(17) 

P 

wB = y1 SECK 
P P 

where WB i s  a f u n c t i o n  of v o l t a g e .  

c u r r e n t  l e v e l s  of  i n t e r e s t  are normally below t h e  p o i n t  where t h e  
c u r r e n t  dependence of  ap becomes s i g n i f i c a n t .  
can t h e r e f o r e  be n e g l e c t e d  f o r  a s imple  a n a l y s i s .  
s i g n i f i c a n t  r o l e ,  however, i n  t h e  forward b locking  a n a l y s i s .  

While ap i s  c u r r e n t  dependent ,  t h e  

The c u r r e n t  dependence 
This  w i l l  p l a y  a 

According t o  t h e  assurqptions p r e s e n t e d  i n  S e c t i o n  3 ,  on ly  changes 
i n  l i f e t i m e  and r e s i s t i v i t y  need be cons ide red  t o  see t h e  effects  of 

r a d i a t i o n  on t h e  device  c h a r a c t e r i s t i c s  
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Decreasing l i f e t ime  r e s u l t s  from the format ion  o f  a d d i t i o n a l  
recombina t ion  c e n t e r s  i n  t h e  s i l i c o n  l a t t i ce .  I n  t h e  d e p l e t i o n  
r e g i o n  of  a r e v e r s e  b i a s e d  j u n c t i o n ,  t h e y  ac t  as g e n e r a t i o n  c e n t e r s  
and c o n t r i b u t e  an i n c r e a s e d  space  charge gene ra t ed  leakage  c u r r e n t  
t o  the  t o t a l  d i f f u s i o n  c u r r e n t .  This  space  charge  gene ra t ed  c u r r e n t  
i s  p r o p o r t i o n a l  t o  t h e  space  charge  r e g i o n  w i d t h  and ,  t h e r e f o r e ,  i s  
h i g h e r  f o r  h i g h  v o l t a g e  s t r u c t u r e s  w i t h  h i g h e r  base  r e s i s t i v i t y  and ,  
consequent ly ,  g r e a t e r  d e p l e t i o n  r e g i o n  wid ths .  

An i n c r e a s e  i n  base  r e s i s t i v i t y  by carr ier  removal w i l l  cause  
an i n c r e a s e  i n  t he  d e p l e t i o n  r e g i o n  s p r e a d i n g  and w i l l  i n c r e a s e  the 

avz lanche  v o l t a g e  i f  t h e  n-base i s  s u f f i c i e n t l y  wide t o  p reven t  
punchthrough. I f ,  on the o t h e r  hand,  a punchthrough c o n d i t i o n  i s  
reached  b e f o r e  ava lanche ,  t h e n  the e f f e c t i v e  b lock ing  v o l t a g e  capa- 
b i l i t y  d e c r e a s e s .  S ince  t h e  pe rcen tage  change i n  r e s i s t i v i t y  (or 
car r ie r  c o n c e n t r a t i o n )  i s  g r e a t e r  f o r  h i g h e r  r e s i s t i v i t y  material  
for a given r a d i a t i o n  f l u e n c e ,  (see Equat ion 3.11, it i s  e v i d e n t  
t h a t  the h i g h e r  v o l t a g e  dev ices  are more l i k e l y  t o  have t h e i r  v o l t a g e  
c a p a b i l i t y  impai red  because of  punchthrough t h a n  are lower v o l t a g e  
s t r u c t u r e s  e 

The numer ica l  s o l u t i o n  for t h e  r e v e r s e  b lock ing  c h a r a c t e r i s t i c s  
assumes a complementary e r r o r  f u n c t i o n  p r o f i l e  f o r  a l l  d i f f u s e d  
r e g i o n s .  Average m a j o r i t y  car r ie r  c o n c e n t r a t i o n s  are c a l c u l a t e d  
based upon these numbers e 'The l i fe t imes ,  m o b i l i t i e s ,  d i f f u s i o n  
l e n g t h s ,  and m i n o r i t y  carr ier  c o n c e n t r a t i o n s  are c a l c u l a t e d  i n  each 

r e g i o n  based upon t h e  assumptions p r e s e n t e d  i n  Appendix B .  A l s o ,  
d e p l e t i o n  r e g i o n  wid ths  f o r  t h e  b lock ing  j u n c t i o n  are c a l c u l a t e d  
on both  :i and p s i d e s  as a f u n c t i o n  o f  a p p l i e d  v o l t a g e ,  a long  wi th  

t h e  cor responding  ava lanche  m u l t i p l i - c a t i o n  f a c t o r s  (see Appendix B )  . 
To c a l c u l a t e  t h e  c u r r e n t  v o l t a g e  c h a r a c t e r i s t i c ,  Equat ion 4 . 1  i s  
c a l c u l a t e d  f o r  v o l t a g e s  r ang ing  from l o w  v a l u e s  t o  ava lanche .  I n  
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t h i s  c a l c u l a t i o n  t h e  c u r r e n t  g a i n  i s  c a l c u l a t e d  as a f u n c t i o n  o f  
v o l t a g e  and c u r r e n t  ( a l s o  d i s c u s s e d  i n  Appendix B ) ,  and t h e  ca l cu -  
l a t i o n  t h e r e f o r e  p r e d i c t s  t h e  n e g a t i v e  r e s i s t a n c e  r e g i o n  a s s o c i a t e d  
w i t h  t y p i c a l  breakdown charac$eristics o f  t r a n s i s t o r s .  I t  shou ld  
be noted  t h a t  t h e  model f o r  t h e s e  c a l c u l a t i o n s  i n c l u d e s  t empera tu re  
dependence. However, t h e  assumption is made t h a t  the  t empera tu re  
i s  s u f f i c i e n t l y  h i g h  t o  i o n i z e  a l l  i m p u r i t i e s .  

4 . 3  Forward Blocking C h a r a c t e r i s t i c s  

The most s imple  model which can be  used t o  ana lyze  t h e  forward 
b lock ing  c h a r a c t e r i s t i c s  o f  an SCR is one assuming a one d imens iona l  
a n a l y s i s  and cont inuous  emi t te rs .  I n  t h i s  case, t h e  e q u a t i o n s  and 
r e s u l t s  for t h e  b lock ing  c u r p e n t s  and v o l t a g e s  are ve ry  s imi l a r  i n  
form t o  t h o s e  found i n  t h e  r e v e r s e  b l o c k i n g  a n a l y s i s .  However, t h i s  
a n a l y s i s  i s  n o t  v a l i d  f o r  most h i g h  c u r r e n t  S C R s ,  as cont inuous  
e m i t t e r s  are n o t  g e n e r a l l y  used.  
s h o r t e d  e m i t t e r  s t r u c t u r e  improves the d.ynamic and h i g h  t empera tu re  
c h a r a c t e r i s t i c s  c o n s i d e r a b l y  by c o n t r o l l i n g  t h e  e f f e c t i v e  e m i t t e r  
e f f i c i e n c y  o f  t h e  ca thode  j u n c t i o n .  The a n a l y s i s  o f  a s h o r t e d  
s t r u c t u r e  r e q u i r e s  a two d imens iona l  model which c o n s i d e r s  l a t e r a l  

c u r r e n t  f low.  

It  h a s  been shown( l8)  t h a t  a 

I n  t h e  f o l l o w i n g  s e c t i o n  b o t h  the con t inuous  e m i t t e r  and t h e  
shorted e m i t t e r  s t r u c t u r e s  w i l l  be ana lyzed .  The  one d imens iona l  
* r  .-.-:.-: - 3  ;ill1 be d i s c u s s e d  f i r s t ,  s i n c e  it forms t h e  b a s i s  f o r  t h e  

s.-Ilis?;z,znt a n a l y s i s  o f  t h e  s h o r t e d  s t r u c t u r e s  

I n  t h e  a n a l y s i s  of t h e  forward b l o c k i n g  c h a r a c t e r i s t i c s  f o r  
cont inuous  emi t te rs ,  t h e  e f f e c t  of  two c u r r e n t  g a i n s  must be cons i -  
d e r e d ,  as p i c t u r e d  i n  F igu re  4 . 2 ,  

-1 3- 



GATE - CATHODE 

W 
BP 

ws c 

I P 

+ ANODE 

F igure  4 . 2  Model f o r  Forward Blocking 
SCR w i t h  Continuous E m i t t e r  
J u n c t i o n .  

An e q u a t i o n  s i m i l a r  i n  form t o  Equat ion  4 . 1  i s  convenient  t o  
descrLbe t h e  c u r r e n t  v o l t a g e  r e l a t i o n s h i p ,  n a m e l y ( l 6 ) ,  

0 
I 

P P  
- 

1 - M  a - M n a n  If - ( 4 . 4 )  

The terms are t h e  same as t h o s e  d e f i n e d  i n  t h e  p r e v i o u s  s e c t i o n ,  
e x c e s t  for ap and an. 
'se t aken  i n t o  c o n s i d e r a t i o n .  

I n  t h i s  case, t h e  c u r r e n t  dependencies  must 

If one c o n s i d e r s  ciP as a f u n c t i o n  o f  l i f e t i m e  and c u r r e n t ,  a 

curve  of t h e  form o f  F igu re  4 . 3  will be found.(A complete a n a l y s i s  
o f  t h e  l i f e t i m e  and c u r r e n t  dependence o f  a i s  found i n  t h e  Appendix B). 
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a P 

1 

. 8  

. 6  

. 4  

. 2  

0 

lo-* 10-1 l o o  
F igure  4 . 3  ap as a Funct ion of Curren t  

f o r  Various L i f e t i m e s  Assuming 
Unity I n j e c t i o n  E f f i c i e n c y .  

l o 1  

5 ~ 1 0 - ~  
1x10-6 
5x10-7 

(psec) 

CURRENT 
DENSITY 
(A/ c m 2  1 

A knowledge of t h i s  f u n c t i o n  i s  necessa ry  t o  p r e d i c t  t h e  
leakage c u r r e n t  l e v e l  and t h e  p o i n t  o f  tu rn-on .  

The effects  of  r a d i a t i o n  on t h e  b lock ing  c h a r a c t e r i s t i c s  are 
s imi l a r  t o  t h e  r e v e r s e  case. 
cause i n c r e a s e  i n  leakage  c u r r e n t s ,  wh i l e  an i n c r e a s e  i n  r e s i s t i v i t y  
w i l l  cause t h e  c h a r a c t e r i s t i c  avalanche vclltage t o  i n c r e a s e ,  bu t  may 
cause t h e  b lock ing  v o l t a g e  c a p a b i l i t y  o f  t h e  dev ice  t o  dec rease  by a 
punchthrough mechanism. 

I n  g e n e r a l ,  a dec rease  i n  l i f e t i m e  w i l l  

The d i f f e r e n c e  between t h e  forward and r e v e r s e  c h a r a c t e r i s t i c s  
Fs t h a t  i n  t h e  forward case, as t h e  b lock ing  c u r r e n t s  i n c r e a s e  t o  a 
i?ve l  I(BR), t h e  dev ice  w i l l  turn-on and conduct  c u r r e n t .  
The  c r i t e r i o n  f o r  turn-on has  been d i s c u s s e d  by many a u t h o r s ( 1 6 ~ 2 1 3 2 2 )  
and can be expres sed  by t h e  e q u a t i o n  below. 

a n + a  2 1  P ( 4 . 5 )  

;3y i n s p e c t i o n  of  Equat ion 4 . 4 ,  one can see t h a t  as t h e  sum o f  t h e  
c u r r e n t  g a i n s  dpproaChsuni ty ,  t h e  forward b lock ing  c u r r e n t  w i l l  
become l a r g e .  S ince  both  a lphas  i n c r e a s e  as t h e  t o t a l  forward block-  
ing c u r r ~ n t  i.nc~rcfx:;cs by l-:qizaTion 4.  4 , the p o i n t  wi 1,. be reaclicd 
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where Equat ion 4 . 5  i s  s a t i s f i e d ,  and t h e  d e v i c e  w i l l  t u r n  on. To 
i n v e s t i g a t e  t h e  e f fec t  of l i fe t ime on t h e  turn-on p o i n t ,  
one must on ly  cons ide r  t h e  effect  of l i f e t ime  on t h e  c u r r e n t  g a i n s .  
S ince  t h e  c u r r e n t  g a i n  decreases w i t h  d e c r e a s i n g  l i f e t i m e ,  t h e  c u r r e n t  
a t  which t h e  sum of t h e  a lphas  e q u a l  u n i t y  w i l l  occu r  a t  a h i g h e r  
l e v e l .  

It i s  impor tan t  t o  n o t e  t h a t  i n  t h e  above d i s c u s s i o n  of t h e  
c u r r e n t  g a i n s  u n i t y  i n j e c t i o n  e f f i c i e n c y  has  been assumed, and s i n c e  
a = ye, t h e  d i s c u s s i o n  h a s ,  i n  r e a l i t y ,  on ly  been concerned wi th  t h e  
t r a n s p o r t  f a c t o r , B .  However, t h e  i n j e c t i o n  e f f i c i e n c y  i s  a l s o  a 
f u n c t i o n  of  c u r r e n t .  A t  low l e v e l s  recombinat ion i n  t h e  forward 
b i a s  d e p l e t i o n  r e g i o n  of an  Bmit t ing  j u n c t i o n  r e s u l t s  i n  an i n j e c -  
t i o n  e f f i c i e n c y ,  y ,  of much less than  u n i t y .  The i n j e c t i o n  e f f i c i e n c y  
w i l l  i n c r e a s e  wi th  i n c r e a s i n g  c u r r e n t ,  because t h e  e f fec t  of t h e  
recombinat ion becomes s m a l l .  

I n  t h e  a n a l y s i s  of emit ter  e f f i c i e n c y ,  one o t h e r  c o n s i d e r a t i o n  
i s  necessa ry  as a r e s u l t  of t h e  p h y s i c a l  c o n s t r u c t i o n  o f  a t y p i c a l  
h igh  power SCR. It  has  been found t h a t  t h e  h igh  tempera ture  c h a r a c t e r -  
i s t i c s  and t h e  d v / d t  c a p a b i l i t y  of a t h y r i s t o r  can be improved 
s i g n i f i c a n t l y  through t h e  use  of a s h o r t e d  emitter s t r u c t u r e ( 1 8 )  as 
shown i n  F igure  4 . 4 .  

GATE CATHODE 

n 

P 

ANODE 

S t r u c t u r e .  
F igure  4 . 4  SCR With Shor ted  E m i t t e r  
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I n  t h i s  case, t h e  e f f e c t i v e  i n j e c t i o n  e f f i c i e n c y  and i t s  c u r r e n t  
dependence i s  c o n t r o l l e d  by t h e  l e n g t h  of the emit ter ,  the  la%eral 
r e s i s t a n c e  under  t h e  emit ter ,  and t h e  r a t i o  of t h e  t o t a l  s h o r t  t o  
e m i t t e r  area. S ince  t h e  emi t t e r  is  s h o r t e d  by l o w  r e s i s t a n c e  
p r e g i o n s  it i s  n o t  forward b i a s e d  a t  l o w  c u r r e n t  l e v e l s  and,  there-  

fo re ,  e x h i b i t s  a low e f f e c t i v e  i n j e c t i o n  e f f i c i e n c y .  However, as t h e  

c u r r e n t  through t h e  dev ice  i n c r e a s e s ,  la teral  c u r r e n t s  flow under t h e  

emi t t e r  r e g i o n  and create a la teral  b i a b ,  which begins  t o  forward 
b ias  t h e  c e n t e r  most p o r t i o n  of t h e  emitter. A s  t h e  l a te ra l  c u r r e n t s  
become s u f f i c i e n t l y  l a r g e ,  t h e  emitter w i l l  become forward b i a s e d ,  
and t h e  device  w i l l  t u r n  on. From t h e  above d i s c u s s i o n ,  one can see 
t h a t  c u r r e n t  flow is i n  t w o  d i r e c t i o n s ,  and tha t  t h e  one dimensional  

1 

a n a l y s i s  of  t h e  cont inuous  emi t t e r  model does n o t  s t r i c t l y  apply .  
I n  o r d e r  t o  c a l c u l a t e  a c c u r a t e  numbers, t h e s e  la teral  c u r r e n t s  must 
be taken  i n t o  c o n s i d e r a t i o n .  
The s imple r  way i s  t o  assume an e f f e c t i v e  emitter e f f i c i e n c y ,  based 

upon t h e  s h o r t  geometry,  l i fe t ime and d i f f u s i d n  p r o f i l e s ,  and t o  use 
t h e  one dimensional  a n a l y s i s  w i t h  t h e  assumed va lue  of t h e  i n j e c t i o n  
e f f i c i e n c y  t o  c a l c u l a t e  t h e  forward b lock ing  c h a r a c t e r i s t i c s .  The 
more accurate procedure ,  however, i s  t o  perform an a n a l y s i s  of t h e  

This  h a s  been accomplished i n  two ways. 

l a t e r a l  c u r r e n t s  and t h e i r  effect on dev ice  characterist ics.  Both 
have been done. 

The computer a n a l y s i s  f o r  t h e  one dimensional  forward b lock ing  
SCR w i t h  cont inuous  emitter i s  almost  i d e n t i c a l  t o  the  a n a l y s i s  for 
t h e  r e v e r s e  b lock ing  characteristic. I n  t h i s  case however, 
Equat ion 4 . 4  is  used ,  which inc luded  t h e  effects of both  a l p h a s .  
The a l p h a s  are c a l c u l a t e d  as f u n c t i o n s  of c u r r e n t ,  v o l t a g e  and 
l i f e t ime  where an e f f e c t i v e  emitter e f f i c i e n c y  i s  assumed. The 
acc:uracy of  t h e  s o l u t i o n ,  t h e r e f o r e ,  becomes d i r e c t l y  re la ted t o  
t h e  corlrectness  of t he  assumed i n j e c t i o n  e f f i c i e n c y .  

-17- 



To e l i m i n a t e  t h i s  i naccuracy ,  a two dimensional  a n a l y s i s  w a s  
developed.  I n  t h i s  a n a l y s i s  t h e  l a te ra l  base b i a s  i s  c a l c u l a t e d  
under  the  emitter o f  t h e  d e v i c e ,  and t h e ' c o n v e n t i o n a l  diode equa t ion  
de termines  t h e  degree of forward b i a s  of t h e  j u n c t i o n  and, consequen t ly ,  
t h e  i n j e c t i o n  l e v e l .  The remainder  of  t h i s  a n a l y s i s  i s  s i m i l a r  t o  
both the  forward and r e v e r s e  cases, s i n c e  the s t r u c t u r e  c o n t a i n s  
50th  pnpn and pnp r e g i o n s ,  as i s  e v i d e n t  f r o m  F igure  4 . 4 .  The 
d e t a i l e d  model and e q u a t i o n s  are p r e s e n t e d  i n  Appendix C ,  s i n c e  t h e y  
are no t  necessa ry  t o  g a i n  i n s i g h t  i n t o  t h e  effect  of l i f e t i m e  and 
r e s i s t i v i z y  changes on t h e  b locking  c h a r a c t e r i s t i c s  of t h y r i s t o r s .  

4 . 4  Forward Conduction C h a r a c t e r i s t i c s  

Many o f  t h e  dev ice  parameters  t h a t  affect  t h e  b locking  charac- 
t e r i s t i c s  of an  SCR a l s o  affect  t h e  conduct ing  c h a r a c t e r i s t i c s s o  tha t  
of p a r t i c u l a r  i n t e r e s t  are t h e  effects  on t h e  forward conduct ion 
d rop ,  VT, and t h e  h o l d i n g  c u r r e n t ,  IH. These w i l l  be  d i scussed  i n  
the  fo l lowing  s e c t i o n s .  

4 . 4  e 1 Forward Conducting Voltage 

When t h e  sum of t h e  a lphas  of t h e  pnpn s t r u c t u r e  i l l u s t r a t e d  
i n  F igure  4 . 2  e q u a l s  u n i t y ,  the  device  w i l l  be i n  i t s  forward conduc- 
t i o n  s t a t e .  I n  t h i s  s ta te  a l l  t h r e e  p-n j u n c t i o n s  of t h e  device  w i l l  
be forward b i a s e d .  The forward v o l t a g e  drop of t h e  device  i s  t h e n  a 
r e s u l t  o f  t h e s e  j u n c t i o n  d rops ,  t h e  ohmic drops  i n  each r e g i o n  of t he  

d e v i c e ,  and t h e  v o l t a g e  drops a t  t h e  metal t o  semiconductor c o n t a c t s .  
The forward c h a r a c t e r i s t i c  of a p-n-p-n dev ice  has  been analyzed by 
Kokosa(20) u s i n g  an a b r u p t  j u n c t i o n  model and i n c l u d i n g  t h e  e f f e c t s  
of carrier-carrier s c a t t e r i n g ,  c o n d u c t i v i t y  modulat ion and t h e  

dependence of emitter e f f i c i e n c y  upon c u r r e n t  d e n s i t y .  

A s  a r e s u l t  of t h i s  a n a l y s i s ,  s e v e r a l  conc lus ions  are a v a i l a b l e  
concerning t h e  forward drop of  an S C R .  The forward drop of an SCR 

under surge  c o n d i t i o n s  i s  p r i m a r i l y  i n  t h e  wide l i g h t l y  doped n-type 
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base.  The v o l t a g e  drop a c r o s s  t h i s  n- type base i s  p r o p o r t i o n a l  t o  
( W / 2 L I 2  where W i s  t h e  base wid th  and L i s  t h e  ambipolar d i f f u s i o n  

This  r e l a t i o n  a b p l i e s  f o r  base  wid ths  much less  t h a n  
t h e  d i f f u s i o n  l e n g t h .  The v o l t a g e  drop  becomes p r o p o r t i o n a l  t o  
exp(W/ZL) f o r  base wid ths  much l a r g e r  t h a n  the d i f f u s i o n  l e n g t h .  
T h i s  dependence upon the ambipolar d i f f u s i o n  l e n g t h  d ic ta tes  a major 
t r a d e - o f f  between su rge -cu r ren t  c a p a b i l i t y  and r a d i a t i o n  r e s i s t a n c e .  
Decrease i n  l i f e t i m e  can r e s u l t  i n  an  e x p o n e n t i a l  i n c r e a s e  i n  
forward drop.  The re fo re ,  it i s  impor t an t  t o  o b t a i n  t h e  minimum 
5ase  b i d t h  and the  optimum v o l t a g e  drop i n  t h e  base, s o  t h a t  t h e  

c u r r e n t  r a t i n g  and t h e  s u r g e  c a p a b i l i t y  do n o t  s u f f e r  d r a s t i c a l l y  
a f t e r  i r r a d i a t i o n .  

I t  saould  be no ted  t h a t  du r ing  conduct ion the  n-base i s  con- 
d u c t i v i t y  modulated. T h e  r e s u l t i n g  v o l t a g e  drop i s  therefore  
dependent on ly  on t h e  base width and l i fe t ime and no t  t h e  i n i t i a l  
r e s i s t i v i t y .  

The numerical  c a l c u l a t i o n  f o r  t h i s  a n a l y s i s  has been performed 
by Kokosa and i s  d i s c u s s e d  i n  t h e  l i t e r a t u r e ( 2 ° ) .  
n o t  be d i s c u s s e d  here i n  d e t a i l .  Though an a b r u p t  j u n c t i o n  model 
has been assumed, average  c o n c e n t r a t i o n s  are c a l c u l a t e d  from d i f f u s e d  
p r o f i l e s ,  as i n  t h e  b lock ing  a n a l y s i s ,  

It  w i l l  t h e r e f o r e  

4 .4 .2  Holding Curren t  

I n  t h e  low c u r r e n t ,  or ho ld ing  currlent r e g i o n ,  one i s  n o t  s o  
much concerned w i t h  t h e  v o l t a g e  drop a c r o s s  the  dev ice  as wi th  t he  

c u r r e n t  l e v e l .  T h e  h o l d i n g  c u r r e n t  i s  d e f i n e d  as t h a t  c u r r e n t  below 
which t h e  dev ice  r e v e r t s  t o  t h e  forward b lock ing  state.  The magni- 
tude  of t h e  h o l d i n g  c u r r e n t  is dependent upon the  c u r r e n t  dependence 
of t h e  t r a n s i s t o r  c u r r e n t  g a i n s  an and  a 

A s  t h e  g a i n  of t he  npn t r a n s i s t o r ,  an ,  i s  n o r n a l l y  q u i t e  h i g h ,  one 
i s  e spec ia l - ly  concerned about  t h e  c u r r e n t  depqndence of ap a 

as shown i n  F igure  4.2.  
P 
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I n  h i g h  v o l t a g e  t h y r i s t o r s  t h e  base  w i d t h ,  Wn, o f  t h e  pnp 
p o r t i o n  i s  l a r g e  t o  accommodate t h e  d e p l e t i o n  r e g i o n  sp read ing  
w i t h  a p p l i e d  v o l t a g e .  However, s i n c e  t h e  low c u r r e n t  g a i n  a s s o c i a t e d  
w i t h  t h e  pnp i s  g iven  by 

( 4 . 3 )  

where Wn >> L p ,  t h e  low c u r r e n t  a p i s  q u i t e  s m a l l ,  even f o r  u n i t y  

i n j e c t i o n  e f f i c i e n c y ,  y .  
i n  t h e  forward d i r e c t i o n .  Now, i f  one c o n s i d e r s  t h e  c u r r e n t  depen- 
dence of a p ,  a r e l a t i o n s h i p  s i m i l a r  t o  t h a t  i n  F igure  4 . 5  i s  found.  

This  low ap p e r m i t s  t h e  t h y r i s t o r  t o  b lock  

6 0 0 V  O V  
.12 

10 

. 0 8  

a .06 
P 

. 0 4  

.02 

0 

CURRENT DENSITY ( A l k m 2 )  

F igu re  4 . 5  pnp Curren t  Gain as a Funct ion o f  
Curren t  f o r  Blocking Voltages of 
6 0 0  and 0 V o l t s .  T = .1 psec 

P 

The c o n d i t i o n  which must be s a t i s f i e d  f o r  conduct ion  i s  t h e  
same as t h e  turn-on  c o n d i t i o n  t h a t  was d i s c u s s e d  i n  t h e  forward 
b lock ing  s e c t i o n  namely: 

( 4 . 5 )  
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I f  t h i s  c o n d i t i o n  i s  
one assumes an = . 9 ,  

cor re spond ing  t o  t h e  
t h e  ho ld ing  c u r r e n t .  

n o t  ma in ta ined ,  t h e  d e v i c e  w i l l  t u r n - o f f .  If 

t h e n  ap 2 -1 for conduct ion .  
p o i n t  on t h e  cu rve  j u s t  below ap = .1 t h e n  i s  

The c u r r e n t  

The e f f ec t  of l i f e t i m e  and r e s i s t i v i t y  changes on h o l d i n g  
c u r r e n t  t h u s  becomes a Ques t ion  o f  t h e i r  e f f ec t s  on t h e  c u r r e n t  
g a i n s .  
F igu re  4 . 5  t h a t  t h e  h o l d i n g  c u r r e n t  w i l l  increase.  The e f fec t  o f  
i n c r e a s e  i n  r e s i s t i v i t y  i s  a second o r d e r  e f f e c t  which depends 
e x p l i c i t l y  upon t h e  magnitude of  t h e  a i d i n g  f i e l d  e s t a b l i s h e d  as 

a r e s u l t  of  m a j o r i t y  car r ie r  c u r r e n t  flow i n  t h e  base  r e g i o n .  While ,  
i n  g e n e r a l ,  t h e  a i d i n g  f i e l d  w i l l  i n c r e a s e  and cause  an  i n c r e a s e  i n  
m i n o r i t y  carr ier  t r a n s p o r t ,  t h e  s p e c i f i c  r e s u l t  i s  dependent  upon 
t h e  s p e c i f i c  s t r u c t u r e  and r e q u i r e s  a d e t a i l e d  a n a l y s i s  (see 

Appendix B) 

4 . 5  Gate T r i g g e r  C u r r e n t s  

S ince  an and ah d e c r e a s e  w i t h  l i f e t i m e ,  it i s  e v i d e n t  from 

' ,  

Close ly  r e l a t e d  t o  t h e  s u b j e c t  o f  h o l d i n g  c u r r e n t  i s  t h a t  o f  
g a t e  c u r r e n t ,  s i n c e  t h e  DC c o n d i t i o n  fox. t u r n - o n ,  Equat ion  4 . 5 ,  

i s  i d e n t i c a l  for b o t h  cases. I n  t h e  case of g a t e  c u r r e n t s ,  however, 
one must also be concerned w i t h  t h e  g a i n  o f  t h e  npn t r a n s i s t o r ,  a n ,  
e s p e c i a l l y  i n  t h e  d e s i g n  for r a d i a t i o n  r e s i s t a n c e .  

Cons ider  t h e  SCR i n  F igu re  4 . 6 .  

P 

I ANODE 
Figure  4,6 Convent iona l  SCR 
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The t o t a l  c u r r e n t  f l owing  through t h e  d e v i c e ,  i n c l u d i n g  t h e  
e f f ec t s  o f  g a t e  c u r r e n t  and c u r r e n t  g a i n s ,  can be d e s c r i b e d  by t h e  
Equat ion  below ( 2 )  

0 
an IG + I 

7 - 
1 - a  - a  

n P 
'A - ( 4 . 6 )  

Here t h e  e f fec t  o f  an becomes clear.  A s  IG i n c r e a s e s ,  a q u a n t i t y  
an  IG i s  c o l l e c t e d  a t  the n-base r e g i o n ,  which becomes t h e  d r i v e  
f o r  t h e  pnp t r a n s i s t o r ,  c a u s i n g  t h e  c u r r e n t  i n  t h e  pnp t o  i n c r e a s e .  
Hence,  by t h e  curve  i n  F igu re  4 . 5 ,  ap i n c r e a s e s ,  which f u r t h e r  
i n c r e a s e s  t h e  t o t a l  c u r r e n t  IA by Equat ion  4 . 6 .  

t i n u e s  u n t l l  Equat ion  4 . 5  i s  s a t i s f i e d ,  and t h e  d e v i c e  t u r n s  on. 
Th i s  p r o c e s s  con- 

I n  o r d e r  t o  a n a l y z e  t h e  effect  o f  l i fe t ime and r e s i s t i v i t y  
changes on t h e  g a t e  c h a r a c t e r i s t i c s ,  t h e  two d imens iona l  model 
d i s c u s s e d  i n  t h e  forward b l o c k i n g  a n a l y s i s  must be used .  From 
F igure  4 . 6  it can  be s e e n  t h a t  tu rn-on  r e s u l t s  from t h e  l a t e ra l  f low 
of  g a t e  c u r r e n t  under  t h e  emitter r e g i o n  t o  t h e  s h o r t .  T h i s  a n a l y s i s  

w a s  performed.  T h e  r e s u l t a n t  numer ica l  c a l c u l a t i o n  i s  i d e n t i c a l  t o  

t h e  forward b l o c k i n g  c a l c u l a t i o n ,  excep t  f o r  the a d d i t i o n  o f  t h e  
g a t e  c u r r e n t  t e r m  i n  Equat ion  4 . 6 .  The c a l c u l a t i o n  i s  somewhat 
s i m p l e r  s i n c e  t h e  a p p l i e d  v o l t a g e  i s  assumed c o n s t a n t .  

4 . 6  Dynamic C h a r a c t e r i s t i c s  

Zr. z o n s i d e r i n g  t h e  dynamic c h a r a c t e r i s t i c s  o f  a t h y r i s t o r ,  one 
is ccnts rned  s p e c i f i c a l l y  w i t h  t h e  d v / d t  c a p a b i l i t y  t h e  t u r n - o f f  
t i n e ,  and t h e  turn-on  character is t ics .  I n  t h i s  case, b o t h  t h e  d v / d t  
c a p a b i l i t y  and t u r n - o f f  t i m e  a c t u a l l y  improve w i t h  d e c r e a s i n g  l i f e -  
t i m e ,  wh i l e  t h e  turn-on  losses become greater.  I n  f a c t ,  most swi t ch -  
i n g  t h y r i s t o r s  are g o l d  d i f f u s e d  s p e c i f i c a l l y  t o  improve t h e  dynamic 
o p e r a t i o n .  A s  a r e s u l t ,  a n a l y s e s  of t h e  dynamic c h a r a c t e r i s t i c s  were 
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n o t  t r e a t e d  i n  as g r e a t  a d e t a i l  as t h e  p r e v i o u s l y  d i s c u s s e d  
c h a r a c t e r i s t i c $ .  They w i l l  be  d i scussed  h e r e ,  so  t h a t  one w i l l  g a i n  
an unders tanding  of t h e  dev ice  mechanisms. 

4 . 6 . 1  d v / d t  

Without t h e  presence  of excess  charge i n  t h e  bases l e f t  ove r  
.from previous  forward c u r r e n t ,  d v / d t  t r i g g e r i n g  i s  caused by t h e  
displacement  c u r r e n t  r e q u i r e d  t o  charge t h e  capac i t ance  of t h e  
d e p l e t i o n  l a y e r  du r ing  a r ise  i n  forward b lock ing  v o l t a g e .  
c u r r e n t  which r e s u l t s  from charg ing  t h e  capac i t ance  of  t h e  c e n t e r  
j u n c t i o n  i s  s u f f i c i e n t l y  g r e a t ,  t h e  SCR w i l l  t r i g g e r  t o  t h e  conduct ing 
s t a t e .  Th i s  problem i s  normally a l l e v i a t e d  by us ing  t h e  s h o r t e d  
emi t t e r  s t r u c t u r e  d i s c u s s e d  ear l ier .  I n  t h i s  s t r u . c t u r e  t h e  d i s p l a c e -  
ment c u r r e n t  i s  shunted around t h e  emi t t e r  j u n c t i o n  of  t h e  device  
through t h e  low impedance s h o ~ t .  Before t h i s  s t r u c t u r e  can t r i g g e r ,  
t h e  displacement  c u r r e n t  must be h igh  enough t o  create a l a t e r a l  base 

v o l t a g e  s u f f i c i e n t l y  h igh  t o  cause turn-on.  

, 

If t h e  

The d v / d t  problem i s  i n t e r r e l a t e d  wi th  tu rn -o f f  t i m e  and forward 
c u r r e n t ,  because t h e  c u r r e n t  th rough t h e  dev ice  du r ing  a r a p i d  r i s e  
of r e a p p l i e d  forward v o l t a g e  i s  determined n o t  on ly  by t h e  d i s p l a c e -  
ment c u r r e n t  which f lows  through t h e  c e n t e r  j u n c t i o n ,  b u t  a l s o  by t h e  
minor i ty  car r ie r  c o n c e n t r a t i o n  s t o r e d  w i t h i n  t h e  base  layers  from a 
previous  c y c l e .  Th i s  c o l l e c t e d  c u r r e n t  component depends on t h e  f o r -  
ward c u r r e n t  l e v e l  and on the t i m e  i n t e r v a l  from t h e  peak of  t h e  for- 
ward c u r r e n t  t o  t h e  p o i n t  a t  which t h e  forward b lock ing  v o l t a g e  i s  
r e a p p l i e d  ( f a l l  t i m e ,  p l u s  t u r n - o f f  t i m e ) .  

The d v / d t  c a p a b i l i t y  i s  dependent upon t h e  s e n s i t i v i t y  of t h e  
n;n s e c t i o n  of t h e  t h y r i s t o r  and may be i n c r e a s e d  i n  s e v e r a l  ways. 
The d e n s i t y  o f  s h o r t s  may be i n c r e a s e d ,  t h e r e b y  i n c r e a s i n g  t h e  l a t e r a l  
c u r r e n t  r e q u i r e d  t o  forward b i a s  t h e  emit ter .  However, t h i s  lowers 
?:he e f f e c t i v e  emi t te r  area of t h e  d e v i c e ,  caus ing  h i g h e r  forward 

-2  3- 



d i s s i p a t i o n  and a l s o  reduces  t h e  s e n s i t i v i t y ,  caus ing  h i g h e r  g a t e  
c u r r e n t s .  The l i f e t i m e  i n  t h e  device  may be reduced ,  t he reby  r educ ing  
t h e  npn c u r r e n t  g a i n .  Consequently,  t h e  d v / d t  c a p a b i l i t y  w i l l  improve 
wi th  i r r a d i a t i o n .  

4 . 6 . 2  Turn-off T i m e  

Turn-off t i m e  i s  a fundamental  l i m i t a t i o n  on t h e  r e p e t i t i o n  r a t e  

Following conduct ion o f  cur -  a t  which an SCR w i l l  f u n c t i o n  p r o p e r l y .  
r e n t ,  bo th  base l a y e r s  of t h e  dev ice  are h e a v i l y  charged wi th  excess  
minor i ty  and m a j o r i t y  car r ie rs .  More . c o m e c t l y ,  t h e  minor i ty  and 
ma jo r i ty  ca r r i e r  c o n c e n t r a t i o n s  are many m d e r s  of magnitude h i g h e r  
t h a n  i s  t h e  case i n  t h e  r e v e r s e  b locking  c o n d i t i o n .  The problem i s  
one of removing t h e s e  carriers from t h e  two b a s e s ,  so  t h a t  t h e  c e n t e r  
j u n c t i o n  can block forward v o l t a g e .  Th i s  can be accomplished by 
cont ro1l i : ig  m i n o r i t y  car r ie r  l i f e t i m e  w i t h i n  t h e  bases. Lowering t h e  
minor i ty  car r ie r  l i f e t i m e  pe rmi t s  t h e  carr iers  w i t h i n  t h e  base r e g i o n s  
t o  recombine a t  a more r a p i d  r a t e .  

The conven t iona l  method uses  go ld  doping t o  reduce  t h e  minor i ty  
ciari>ier l i f e t i m e  and c l o s e l y  spaced e m i t t e r  s h o r t s  t o  shunt  t h e  cur-  
r e n t ,  r e s u l t i n g  from e a r l y  a p p l i c a t i o n  of  dv /d t ,  around t h e  cathode 
emi t t e r .  Th i s  method r e s u l t s  i n  a tu rn -o f f  t i m e  c a p a b i l i t y  t h a t  i s  
completely determined by t h e  dev ice .  The s a m e  e f fec t  i s  observed 
from r a d i a t i o n .  The minor i ty  l i f e t ime  i s  reduced and t h e  t u r n - o f f  
t i m e  consequent ly  improves. 

4 e 6 . 3  Turn-on C h a r a c t e r i s t i c s  

I n  o r d e r  t o  ach ieve  s h o r t  turn-on t i m e ,  r a p i d l y  r i s i n g  c u r r e n t ,  
and low turn-on losses ,  it , i s  d e s i r a b l e  t o  have t h e  l i f e t i m e  as h igh  
as p o s s i b l e .  This  i s  c o n t r a d i c t o r y  t o  good t u r n - o f f  t i m e  and t o  t h e  
e f f ec t s  o f  r a d i a t i o n ,  I n  o r d e r  t o  see t h i s  dependence, it i s  i n s t r u c -  
t i v e  t o  c o n s i d e r  t h e  dynamic turn-on p rocess  b r i e f l y .  
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The load  c u r r e n t  th rough an SCR does no t  immediately respond 
t o  t h e  a p p l i c a t i o n  of g a t e  c u r r e n t  (see Reference 2 4  for an a n a l y s i s  
of de l ay  and r i s e  t i m e ) .  
of  t h e  d e v i c e ,  so  t h a t  anode conduct ion b e g i n s .  During t h i s  phase of 
tu rn-on ,  uniform i n j e c t i o n  a long  t h e  p e r i p h e r y  of the  e m i t t e r  i s  

The g a t e  must provide  carr iers  t o  t h e  p-base 

extremely impor t an t .  Once s u f f i c i e n t  charge has been i n j e c t e d  i n t o  
t h e  device  so  t h a t  p o s i t i v e  feedback between t h e  two t r a n s i s t o r  
p o r t i o n s  of t h e  dev ice  can b e g i n ,  t h e n  charge w i t h i n  t h e  bases b u i l d s  
up e x p o n e n t i a l l y  wJth t i m e ( 1 5 ) .  
i s  determined by t h e  t r a n s i t  t i m e  of carriers a c r o s s  t h e  two bases, 

t h e  minor i ty  carrier l i f e t i m e s ,  and t h e  c u r r e n t  d e n s i t y  i n  t h e  dev ice .  
The t r a n s i t  t i m e  i t s e l f  i s  governed by t h e  base l a y e r  w i d t h s ,  t he  
minor i ty  car r ie r  l i f e t imes ,  and t h e  c u r r e n t  d e n s i t y .  

The accompanying c u r r e n t  b u i l d  up 

While t h e  above d e s c r i p t i o n  of t h e  turn-on p rocess  i s  c o r r e c t ,  
it m u s t  be r e a l i z e d  t h a t  on ly  a s m a l l  p o r t i o n  of a h igh  c u r r e n t  SCR 
w i l l  turn-on i n i t i a l l y ,  t h a t  be ing  t h e  r e g i o n  c l o s e s t  t o  t h e  g a t e .  
The remainder of t h e  SCR w i l l  tu rn-on  by a sp read ing  p rocess (25 ,26 ,27 )  
which r e q u i r e s  a f i n i t e  amount of t i m e  a f t e r  t h e  i n i t i a l  tu rn-on .  
During i n i t i a l  t u rn -on ,  a conven t iona l  SCR i s  s u s c e p t i b l e  t o  su rge  
f a i l u r e  i f  t h e  i n i t i a l  c u r r e n t  and i t s  r a t e - o f - r i s e ,  ( d i / d t ) ,  i s  t o o  
h igh .  

To a i d  i n  ach iev ing  very  l a r g e  g a t e  c u r r e n t s ,  and t o  reduce t h e  
p o s s i b i l i t y  of  a d i / d t  f a i l u r e ,  a two s t e p  t r i g g e r i n g  mechanism can 
be b u i l t  i n t e r n a l l y  t o  t h e  SCR s t r u c t u r e ,  as shown i n  F igure  4 . 7 .  

This  t r i g g e r i n g  scheme u t i l i z e s  an a m p l i f y i n s  t h y r i s t o r ( 2 8 )  which 
t r i g g e r s  f i r s t  and t h e n  conducts  c u r r e n t \ f r o m  t h e  anode t o  d r i v e  t h e  
g a t e  r eg ion  of t h e  main conduct ing p o r t i o n  o f  t h e  t h y r i s t o r .  
scheme a l lows  t h e  load  c i r c u i t  t o  p rov ide  t h e  h i g h  c u r r e n t  needed t o  
d r i v e  a l a r g e  i n i t i a l  turned-on area. A h igh  la teral  r e s i s t a n c e  i n  
s e r i e s  w i th  +he p i l o t  t h y r i s t o r  l i m i t s  t h e  peak d i s s i p a t i o n  i n  t h e  

p i l o t  t hy ;? i s to r  t o  a safe l e v e l .  Th i s  t y p e  of t r i g g e r i n g  has  advan- 
t a g e s  f o r ' r a d i a t i o n  r e s i s t a n c e ,  as w i l l  be seen  i n  t h e  fo l lowing  

This  
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I GATE CATHODE 

Figure 4 .7  Amplifying Gate  SCR 
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5 .  ! DEVICE DESIGN 

5 . 1  I n t r o d u c t i o n  

The e f fec ts  of  changes i n  l i fe t ime and r e s i s t i v i t y  r e s u l t i n g  
from r a d i a t i o n  on t h y r i s t o r  characteristics have been d i scussed  i n  
d e t a i l  i n  t h e  p rev ious  s e c t i o n .  The t a s k  remaining i s  t o  use  these 

r e s u l t s  t o  des ign  a d e v i c e  such t h a t  it i s  opt imized  for r a d i a t i o n  
r e s i s t a n c e  and y e t  s t i l l  meets t h e  o b j e c t i v e  dev ice  s p e c i f i c a t i o n s  
l i s t e d  i n  Appendix A. Before any des ign  d e t a i l s  are d i s c u s s e d ,  a 
thought  should  be g iven  t o  t h e  meaning of r a d i a t i o n  res i s tance  
as a p p l i e d  s p e c i f i c a l l y  t o  t h y r i s t o r s .  

With a l l s t h e  f r i l l s  set  a s i d e ,  the  major purpose of  a t h y r i s t o r  
i s  t o  f u n c t i o n  as a swi t ch .  T h i s  i m p l i e s  t h a t  it must posses s  an  
" o f f "  s t a t e  and ,  t h e r e f o r e ,  have t h e  c a p a b i l i t y  t o  block an a p p l i e d  
v o l t a g e .  It must also posses s  an "on" state,  switch on w i t h  reason-  
a b l e  g a t e  c u r r e n t s ,  and conduct  a r a t e d  c u r r e n t  w i thou t  d e s t r u c t i o n .  
If t h e  SCR cannot  b lock  v o l t a g e ,  or cannot  swi t ch  w i t h  r ea sonab le  
g a t e  c u r r e n t s ,  t h e n  t h e  dev ice  becomes u s e l e s s  and h a s  f a i l e d  f o r  
a l l  p r a c t i c a l  purposes .  

With t h i s  i n  mind, our main c r i t e r i o n  i n  t h e  des ign  of  a r a d i a -  
t i o n  r e s i s t a n t  SCR w a s  t h a t  t h e  dev ice  must f u n c t i o n  a f t e r  exposure 
t o  a r a d i a t i o n  f l u e n c e  of 5x10I3 n v t  and 1x106 r a d s  (C). I n  t h e  

fo l lowing  s e c t i o n s  the  phi losophy and procedure  behind the  des ign  
o f  th.e dev ice  w i l l  be d i scussed .  Curves which are r e p r e s e n t a t i v e  
of computer c a l c u l a t i o n s  w i l l  be p resen ted  and used t o  des ign  the  

r a d i a t i o n '  r e s i s t a n t  s t r u c t u r e .  

5 . 2  Design Phi losophy 

I n  o r d e r  t o  d e s i g n  a t h y r i s t o r  so  t h a t  the  b lock ing  v o l t a g e  
c a p a b i l i t y  would n o t  be degraded,  t he  effect  of c a r r i e r  removal 
and i n c r e a s e  i n  r e s i s t j v i t y  n u s t  be ta:<en i n t o  c o c s i d e r a t i o n .  
can be accomplished by des ign ing  the  dev ice  wi th  an n-base r e s i s t i v i t y  

Th i s  
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lower t h a n  would normally be used t o  compensate f o r  t h e  expec ted  r i s e  
i n  r e b i s t i v i t y .  I n  t h e  same'manner,  t h e  n-base wid th  must be de- 

s i g n e d  t o  be s u f f i c i e n t l y  wide t o  accommodate t h e  i n c r e a s e d  space  
charge  r e g i o n  s p r e a d i n g  a t  t h e  r a t e d  v o l t a g e  wi thou t  v o l t a g e  degrada- 
t i o n  from punchthrough. It should  be  no ted  t h a t  the  i n c r e a s e  i n  base 

wid th  i s  n o t  f a v o r a b l e  from a forward v o l t a g e  drop c o n s i d e r a t i o n ,  
e s p e c i a l l y  a t  low l i f e t i m e s ,  s i n c e  t h e  forward  d i s s i p a t i o n  w i l l  
i n c r e a s e  and t h e  power h a n d l i n g  c a p a b i l i t y  w i l l  be impai red .  I t  i s  
t h e r e f o r e  desirable  t o  keep t h e  base  wid th  minimal.  

I n  o r d e r  t o  meet t h e  turn-on c r i t e r i o n ,  f o r  r a d i a t i o n  r e s i s t a n c e  
it i s  necessa ry  t o  d e s i g n  t h e  dev ice  w i t h  a h i g h  g a i n  npn t r a n s i s t o r  
component. I n  o r d e r  f o r  a t h y r i s t o r  t o  t u r n  o n ,  t h e  npn t r a n s i s t o r  
component must be a b l e  t o  t r a n s p o r t  m i n o r i t y  c a r r i e r s  a c r o s s  t h e  
base r e g i o n  w i t h  r e a s o n a b l e  g a t e  c u r r e n t s .  Th i s  can be accomplished 
i n  t h e  fo l lowing  manner: 

1) D i f f u s e  t h e  e m i t t e r  j u n c t i o n  deep enough t o  form a 
narrow p-base r e g i o n .  

The tu rn -on  s e n s i t i v i t y  of an  SCR i s  most ly  determined 
by t h e  g a i n  o f  t h e  npn t r a n s i s t o r .  Th i s  should  be 

h i g h  even a t  low l i fe t imes .  S ince  t h e  g a i n  can be 

approximated by Equat ion 5 . 1 ,  

a narrow base r e g i o n  w i l l  h e l p  t h e  c u r r e n t  g a i n  a t  low 
l i f e t imes .  The p-base r e g i o n  must be wide enough, 
however, t o  accommodate t h e  d e p l e t i o n  r e g i o n  s p r e a d i n g  
a t  the d e s i g n  v o l t a g e  e 

2 )  D i f f u s e  a sha l low forward b l o c k i n g  j u n c t i o n  t o  e s t a b l i s h  
a h i g h  b u i l t - i n  f i e l d  i n  t h e  p-base i-egion, 

I n  a d i f f u s e d  j u n c t i o n  a b u i l t - i n  f i e l d ,  E ,  i s  e s t a b l i s h e d  

as a r e i ; u l t  of t h e  c o n c e n t r a t i o n  g r a d i e n t  of t h e  a c c e p t o r  
i F p u r i t i e s ,  g iven  by Equat ion 5 . 2 ,  
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where p i s  t h e  m a j o r i t y  car r ie r  c o h c e n t r a t i o n  and - dP 
dx 

i s  t h e  g r a d i e n t  of  t h i s  c o n c e n t r a t i o n .  

S ince  a s t e e p  g r a d i e n t  r e s u l t s  from a sha l low d i f f u s i o n  
wi th  a h i g h  s u r f a c e  c o n c e n t r a t i o n ,  t h i s  s t r u c t u r e  i s  
d e s i r e d  f o r  a h i g h  b u i l t - i n  f i e l d .  I n  t h e  p-base r e g i o n  
of  an  SCR t h i s  f i e l d  i s  i n  t h e  d i r e c t i o n  t o  enhance t h e  
d i f f u s i o n  o f  m i n o r i t y  carr iers  and ,  hence ,  t o  enhance 
t h e  t r a n s p o r t  f a c t o r .  Furthermore,  it i s  independent  
of t h e  l i f e t i m e  o f  m i n o r i t y  carr iers  and a i d s  t r a n s p o r t  
even a t  low l i fe t imes  e 

3 )  D i f fuse  s t e e p  c o n c e n t r a t i o n  g r a d i e n t s  n e a r  t h e  
e m i t t e r  j u n c t i o n .  To  i n s u r e  t h a t  t h e  e m i t t e r  j u n c t i o n  
w i l l  have a h i g h  i n j e c t i o n  e f f i c i e n c y  a t  low l i f e t i m e s ,  
it i s  e s s e n t i a l  t h a t  d e p l e t i o n  r e g i o n  a s s o c i a t e d  w i t h  
t h e  forward b i a s e d  j u n c t i o n  be narrow t o  reduce  recom- 
b i n a t t o n  of; i n j e c t e d  car r ie rs .  I n  graded  j u n c t i o n s ,  
r e s u l t i n g  from deep d i f f u s i o n s ,  t h e  d e p l e t i o n  r e g i o n  
w i l l  be  l a r g e  compared t o  a b r u p t  j u n c t i o n s .  Hence, 
sha l low j u n c t i o n s  approaching a.n a b r u p t  prof ;le are 
d e s i r a b l e .  S t eep  g r a d i e n t s  w i l l  a l s o  form h i g h  a i d i n g  
f i e l d s  as g iven  by Equat ion 5 . 2 .  

4 )  T r i g g e r  w i t h  P i l o t  Gate 

The g a t e  s e n s i t i v i t y  of an SCR is dependent upon t h e  
g a t e  c u r r e n t  d e n s i t y ,  s i n c e  t h e  ca r r i e r  t r a n s p o r t  
a c r o s s  t h e  base  r e g i o n  i n c r e a s e s  w i t h  c u r r e n t .  How- 
e v e r ,  t h e  p i l o t  i s  s m a l l  i n  camparison t o  t h e  main 
SCR, and hLgh c u r r e n t  d e n s i t i e s  can be c r e a t e d  w i t h  
r e a s o n a b l e  g a t e  c u r r e n t  

- 2 9 -  



5 )  Gold D i f f u s e  Heavi ly  t o  Reduce I n i t i a l  Device 
S e n s i t i v i t y .  

The b l o c k i n g  v o l t a g e  and t h e  d v / d t  c a p a b i l i t y  of  a 
narrow base  t h y r i s t o r  would be s e v e r e l y  l i m i t e d  i f  
t h e  i n i t i a l  l i f e t i m e  were n o t  reduced .  Gold i n  t h e  
dev ice  would r educe  t h e  l i f e t i m e ,  improving t h e  block-  
i n g  v o l t a g e  and d v / d t  c a p a b i l i t y ,  wh i l e  deg rad ing  
o t h e r  c h a r a c t e r i s t i c s ,  so  t h a t  less change i n  dev ice  
c h a r a c t e r i s t i c s  w i l l  occu r  a f t e r  i r r a d i a t i o n .  

5 . 3  Design Procedure  

The b lock ing  v o l t a g e  requi rement  p l a c e s  r e s t r i c t i o n s  on t h e  
r e s i s t i v i t y  and t h e  n-base wid th .  However, s i n c e  t h e  forward v o l t -  
age drop i n c r e a s e s  e x p o n e n t i a l l y  w i t h  n-base w i d t h ,  t h e  r e s i s t i v i t y  
should  be s e l e c t e d  such t h a t  t h e  base  wid th  i s  minimal. I n  t y p i c a l  
S C R s ,  t h i s  i s  s t r a i g h t  forward .  The r e s i s t i v i t y  i s  s e l e c t e d  j u s t  
h i g h  enough so t h e  b l o c k i n g  v o l t a g e  r equ i r emen t  can be m e t .  The 
n-base wid th  i s  t h e n  found by c a l c u l a t i n g  t h e  d e p l e t i o n  r e g i o n  
s p r e a d i n g  f o r  the maximum of  t h e  r e s i s t i v i t y  v a r i a t i o n  a t  d e s i g n  
vo1ta:;e. A l e n g t h  e q u a l  t o  two m i n o r i t y  car r ie r  d i f f u s i o n  l e n g t h s  
i s  a l s o  added t o  r educe  punchthrough c u r r e n t s ( 3 3 ) .  The t o t a l  base 

w i d t h ,  W B 9  can t h e n  be w r i t t e n .  

‘ L  

Consequent ly ,  t h e  b a s e  wid th  i s  a f u n c t i o n  o f  v o l t a g e ,  r e s i s t i v i t y ,  
and l i f e t i m e  e 

I n  t h e  d e s i g n  of a r a d i a t i o n  r e s i s t a n t  S C R ,  however, t h e  
s i t u a t i o n  i s  compl ica ted  by t h e  i n f l u e n c e  o f  r a d i a t i o n  on bo th  
r e s i s t i v i t y  and l i f e t ime ,  Gold d i f f u s i o n  a l s o  affects  t h e  resis-  

t i v i t y .  Consequent ly ,  i n  t h e  s e l e c t i o n  of t h e  p r o p e r  r e s i s t i v i t y  t o  
o b t a i n  a minimum base  w i d t g ,  one must c o n s i d e r  t h e s e  e f f ec t s  and d e t a i l -  
ed c a l c u l a t i o n s  are n e c e s s a r y .  
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The procedure  f o r  de te rmining  t h e  minimum base  wid th  as a 

f u n c t i o n  o f  i n i t i a l  r e s i s t i v i t y  i s  summarized'below: 

1) Select  a v a l u e ' o f  ND, t h e  doping c o n c e n t r a t i o n  o f  
t h e  s t a r t i n g  s i l i c o n ,  from t h e  curve  of  ava lanche  
breakdown v o l t a g e s  f o r  a d i f f u s e d  ptn j u n c t i o n  i n  
F igure  5 . 1 .  

2) Determine t h e  e f f ec t  o f  i r r a d i a t i o n  on t h e  f i n a l  
1 base  w i d t h ,  WB by:  

a )  C a l c u l a t i n g  t h e  e f f ec t  o f  ca r r i e r  removal on 
ca r r i e r  c o n c e n t r a t i o n  ( r e s i s t i v i t y )  from 
Equat ion  2 . 2 ,  as shown i n  F igu re  5 . 2 ;  

b )  C a l c u l a t i n g  t h e  space  charge  r e g i o n  
1 

s p r e a d i n g ,  Wsc  9 a t  d e s i g n  v o l t a g e  ( 7 2 0  v o l t s ) ;  

c )  C a l c u l a t i n g  t h e  m i n o r i t y  ca r r i e r  l i f e t i m e  and ,  
c o n s e q u e n t l y ,  t h e  d i f f u s i o n  l e n g t h  r e s u l t i n g  
from i r r a d i a t i o n ,  as shown i n  F i g u r e  5 . 3 ;  

d )  C a l c u l a t i n g  t h e  f i n a l  base  wid th  from Equat ion  
5 . 3 .  

3 )  C a l c u l a t e  t h e  forward drop  as a f u n c t i o n  o f  l i f e t i m e  
and base  w i d t h ,  as i n  F igu re  5 . 4 .  Then de termine  
t h e  minimum v a l u e  of  l i f e t i m e  such  t ha t  t h e  i n i t i a l  
V f  s p e c i f i c a t i o n  can be m e t  f o r  t h e  base  wid th  WB 
(from P a r t  2 ) .  

V 
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4 )  Se lec t  an i n i t i a l  l i fe t ime g r e a t e r  t h a n  t h a t  found 
i n  

a )  

b )  

C >  

d )  

3 )  and determisne t h e  i n i t i a l  base  wid th ,  Wg, by:  

C a l c u l a t i n g  t h e  e f f e c t  o f  t h e  i n i t i a l  l i f e t i m e  
(go ld  c o n c e n t r a t i o n )  upon t h e  s t a r t i n g  res is-  
t i v i t y ,  as i n  F igure  5 . 5  ; 

C a l c u l a t i n g  t h e  space  charge  r e g i o n  s p r e a d i n g  
W S C '  a t  d e s i g n  v o l t a g e ;  

C a l c u l a t i n g  t h e  d i f f u s i o n  l e n g t h  from t h e  i n i t i a l  
l i f e t i m e ;  

C a l c u l a t i n g  t h e  i . n i t i a l  base  w i d t h ,  WB, from 
Equat ion  5 . 3 .  

1 
5 )  P l o t  t h e  va lue  o f  WB and WB as a f u n c t i o n  o f  ND and 

r e p e a t  1) - 4) above u n t i l  a curve  as shown i n  
F igure  5 . 6  can be p l o t t e d .  

The curve  i n  F igu re  5 . 6  p rov ides  the i n f o r m a t i o n  necessa ry  t o  
s e l e c t  t h e  i n i t i a l  r e s i s t i v i t y  and base  wid th ,  The curve  w a s  p l o t t e d  
assuming an i n i t i a l  h o l e  l i f e t i m e  of .1 p s e c  from forward drop  con- 
s i d e r a t i o n s .  I t  can be s e e n  t h a t  t he  minimum base  wid th  o c c u r s  a t  
the h i g h e s t  c o n c e n t r a t i o n  below ava lanche  breakdown. To a l low f o r  
r e s i s t i v i t y  s p r e a d i n g  and f o r  p r o c e s s  v a r i a t i o n s ,  a r ange  o f  
l J ~ y 2  e 5 ~ 1 0 ~ ~ - 3 . 0 ~ 1 0 ~ ~  
of WB = 1 0 5 - 9 4  umetersg r e s p e c t i v e l y .  

I 

w a s  s e l e c t e d ,  which cor responds  t o  a r ange  
r 

The remainder  of t h e  d e s i g n  i s  concerned w i t h  deve lop ing  a h i g h  
g a i n  npn t r a n s i s t o r  component, s o  t h a t  t h e  g a t e  c h a r a c t e r i s t i c s  w i l l  
be pr>eserved a t  low l i f e t i m e s ,  Th i s  e n t a i l s  de t e rmin ing  t h e  d i f f u s i o n  
p r o f i l e s ,  such  t h a t  c o n d i t i o n s  1, 2 ,  and 3 of  t h e  d e s i g n  phi losophy 
are s a t i s f i e d .  
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The minimum p-base wid th  i s  determined from t h e  d e p l e t i o n  
s p r e a d i n g  i h t o  t h e  forward b lock ing  juncBion.  T h i s  can be c a l c u l a t e d  
a t  ava lanche  as a f u n c t i o n  o f  p s u r f a c e  c o n c e n t r a t i o n ,  N and 
j u n c t i o n  d e p t h ,  X , as shown i n  F igure  S a 7 -  A s  expec ted ,  t h e  dep le -  
t i o n  r e g i o n  s p r e a d i n g  i n c r e a s e s  w i t h  lower  s u r f a c e  c o n c e n t r a t i o n s  and 
d e e p e r  d i f f u s i o n s .  The d e v i c e  s e n s i t i v i t y  must a l s o  be c o n s i d e r e d  i n  
t h e  s e l e c t i o n  o f  t h e  p-base w i d t h ,  If t h e  base i s  t o o  narrow,  t h e  
dev ice  w i l l  be ex t remely  s e n s i t i v e  t o  punchthrough c u r r e n t s  f o r  
t h r e e  r e a s o n s :  1) when t h e  dev ice  i s  b l o c k i n g ,  t h e  d e p l e t i o n  r e g i o n  
will s7read i n t o  t h e  p-base r e g i o n  and the e f f e c t i v e  base width  w i l l  

become s m a l l ;  consequen t ly ,  t h e  r e s u l t a n t  t r a n s p o r t  f a c t o r  w i l l  be 

very  c l o s e  t o  u n i t y ;  2 )  w i t h  the  ex t remely  narrow e f f e c t i v e  base  
r e g i o n ,  t h e  s h e e t  r e s i s t i v i t y  of  t h e  base w i l l  become very  h i g h  and 
t h e  e m i t t e r  b i a s  w i l l  be ve ry  s e n s i t i v e  t o  l a t e r a l  c u r r e n t  f l ow;  
3 )  also, p r o c e s s  v a r i a t i o n s  can cause  changes i n  p-base w i d t h ,  and 

SP ’ 
j p  

t h i s  must be t a k e n  i n t o  c o n s i d e r a t i o n .  I n  c o n c l u s i o n ,  t h e  base width 

shou ld  be selected c o n s i d e r a b l y  wide r  t h a n  the d e p l e t i o n  r e g i o n  
sp read ing .  

Perhaps the most i m p o r t a n t  c o n s i d e r a t i o n  i n  the s e l e c t i o n  o f  
t h e  base w i d t h  i s  t h e  base t r a n s p o r t  f a c t o r  6,. 
been p l o t t e d  i n  F igu re  5 . 8  as a f u n c t i o n  of l i f e t i m e  and i n c l u d e s  
t h e  e f f ec t s  of the a i d i n g  f i e l d s  e s t a b l i s h e d  as a r e s u l t  of the  d i f -  

fusi-on g r a d i e n t .  I t  can be seen  t h a t  a base  w i d t h  o f  t e n  (10) y m e t e r s  
\ T i l ; -  g i v e  h i g h  c u r r e n t  g a i n  f3 a t  low l i f e t i m e s  f o r  b o t h  low and h i g h  
s u r f a c e  c o n c e n t r a t i o n  d i f f u s i o n .  This  base w i d t h  i s  a l s o  compat ib le  
w i t h  t h e  d e p l e t i o n  r e g i o n  s p r e a d i n g  from F igure  5 . 7  and w a s ,  t h e r e -  
f o r e ,  se lec ted  f o r  the i n i t i a l  des ign .  

T h i s  f u n c t i o n  has 

T o  de t e rmine  whether a h i g h  or l o w  p s u r f a c e  c o n c e n t r a t i o n  shou ld  
be s e l e c t e d  f o r  t h e  forward  b lock ing  j u n c t i o n  d i f f u s i o n ,  t h e  f o l l o w i n g  
facts  must be c o n s i d e r e d :  1) the  l a r g e s t  a i d i n g  f i e l d s  w i l l  r e s u l t  
from h i g h  s u r f a c e  c o n c e n t r a t i o n ;  2 )  e m i t t e r  i n j e c t i o n  c h a r a c t e r i s t i c s  
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improve w i t h  lower s u r f a c e  c o n c e n t r a t i o n  d i f f u s i o n ;  3 )  h i g h e r  s h e e t  
r e s i s t a n c e  and ,  themefore ,  g r e a t e r  d e v i c e  s e n s i t i v i t y  t o  g a t e  c u r r e n t  
r e s u l t s  from a low s u r f a c e  c o n c e n t r a t i o n ;  and 4 )  s u r f a c e  f i e l d s  are 
more e a s i l y  c o n t r o l l e d  w i t h  l o w  s u r f a c e  c o n c e n t r a t i o n .  A s  a r e s u l t  
o f  t h e s e  arguments ,  t h e  low s u r f a c e  c o n c e n t r a t i o n  (Nsp=5x1017 ~ m - ~ )  

w a s  s e l e c t e d .  A s  shown i n  F igure  5 . 8 ,  t h e  b u i l t - i n  f i e l d  i s  s u f f i -  
c i e n t l y  h igh  w i t h  t h e  low s u r f a c e  c o n c e n t r a t i o n .  I t  should  a lso be 
no ted  t h a t  a sha l low j u n c t i o n  depth  (Xjpz15 v m e t e r s )  w a s  s e l e c t e d .  

The s t a n d a r d  e m i t t e r  d i f f u s i o n  w a s  s e l e c t e d  w i t h  a h i g h  s u r f a c e  con- 
c e n t r a t i o n  and a j u n c t i o n  dep th  s e l e c t e d  t o  g i v e  t h e  d e s i r e d  base  
width e 

Since  t h e  base  w i d t h ,  s u r f a c e  c o n c e n t r a t i o n ,  and j u n c t i o n  depth  
have been s e l e c t S d ,  t h e  on ly  p o r t i o n  o f  t h e  d e s i g n  remain ing  t o  be  
determined i s  t h e  s h o r t  spac ing .  Through t h e  use  of t h e  two dimen- 
s i o n a l  l a t e r a l  base  b i a s i n g  c a l c u l a t i o n ,  d i s c u s s e d  i n  Appendix C ,  

t h e  e f f e c t s  of t h e  base  w i d t h ,  s h e e t  r e s i s t i v i t y ,  and s h o r t  spac ing  
can be c a l c u l a t e d  as a f u n c t i o n  o f  l i f e t i m e  on t h e  forward b lock ing  
c a p a b i l i t y .  A curve of  t h e  form of  F igu re  5 . 9  r e s u l t s .  I t  can be  
seen  t h E t  a t  a l i f e t i m e  of 0 . 1  vsec, a h a l f  s h o r t  spac ing  o f  0 . 0 2 8  c m  

w i l l  t h e o r e t i c a l l y  r e s u l t  i n  t h e  d e s i r e d  b l o c k i n g  v o l t a g e  c a p a b i l i t y .  
This  va lue  was consequent ly  s e l e c t e d  f o r  the i n i t i a l  d e s i g n .  
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F igu re  5 . 3  E l e c t r o n  L i f e t i m e  as a Func t ion  of Neutron 
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Figure 5.4 Forward Voltage Drop as a Function of n-base 
Lifetime f o r  Various n-base Widths. 
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5 . 4  Proposed Device Design and Discuss ion  

A s  a r e s u l t  of the d i s c u s s i o n  i n  t h e  p rev ious  s e c t i o n ,  the  

s t r u c t u r e  of the S C R  opt imized  for r a d i a t i o n  r e s i s t a n c e  i s  p i c t u r e d  
i n  F igure  5 . 1 0 .  

Nsn = 1X1O2O C K 3  1 7  - 3  N = 5x10 cm 
SP 

Figure  5 . 1 0  Optimized S t r u c t u r e  
for t h e  Rad ia t ion  
R e s i s t a n t  SCR. 

The following parameters  were a l s o  determined:  

n-base hole l i fe t ime e . . . . e . e e .1 psec 
H a l f  d i s t a n c e  between emitter shorts e 0 . 0 2 8  cm 
Dis tance  from emitter g a t e  a a e e e e e 0 . 0 3 4  c m  
p e r i p h e r y  t g  emit ter  s h o r t s  
Ac t ive  emitter area . e e a 6,9 crn2 
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S e v e r a l  a s p e c t s  of  t h e  d e s i g n  are worthy o f  d i s c u s s i o n .  The 
f i r s t  i s  t h e  d e s i g n  of t h e  p i l o t  g a t e .  As can  be s e e n ,  t h e  d i s t a n c e  
from t h e  emi t t e r  g a t e  p e r i p h e r y  t o  t h e  emit ter  s h o r t  i s  g r e a t e r  t h a n  
t h e  h a l f  d i s t a n c e  between s h o r t s .  S ince  t h e  r e s u l t a n t  r e s i s t a n c e  
under  t h e  g a t e  r e g i o n  i s  g r e a t e r  t h a n  t h a t  under  t h e  main e m i t t e r ,  

t h e  p i l o t  g a t e  w i l l  be more s e n s i t i v e  t h a n  t h e  main SCR and w i l l  
t r i g g e r  w i t h  lower g a t e  c u r r e n t s .  (The e f f ec t  o f  s h o r t  s p a c i n g  on 
g a t e  c u r r e n t  can  be s e e n  i n  F igu re  5 . 1 1 ) .  The p i l o t  g a t e  w a s  a l s o  
des igned  i n  t h e  c e n t e r  of t h e  d e v i c e .  I n  t h i s  manner, t h e  p i l o t  
area can remain s m a l l  and h igh  c u r r e n t  d e n s i t i e s  can be c r e a t e d  i n  
t h e  p i l o t  w i th  r e l a t i v e  low g a t e  c u r r e n t s .  One shou ld  r e c o g n i z e ,  

however, t h a t  t h e  g a t e  v o l t a g e  of a n  ampl i fy ing  g a t e  SCR w i l l  be  
g r e a t e r  t h a n  t h e  g a t e  v o l t a g e  of  a s t a n d a r d  S C R ,  s i n c e  two e m i t t e r  
j u n c t i o n s  must now be forward  b i a s e d .  

r 

The f i n a l  curve  i n  F igure  5.12 shows t h e  expec ted  r e v e r s e  
b lock ing  c u r r e n t  d e n s i t y  b e f o r e  and a f t e r  r a d i a t i o n .  I t  shou ld  be 
no ted  t h a t  i n  t h e  c a l c u l a t i o n  o f  t o t a l  r e v e r s e  b l o c k i n g  c u r r e n t  t h e  
emi t t e r  area of  6 . 9  c m 2  should  n o t  be used .  S ince  t h e  c u r r e n t  i s  
g e n e r a t e d  i n  t h e  d e p l e t i o n  r e g i o n  o f  t h e  bottom j u n c t i o n ,  t h e  area 
i s  g r e a t e r  t h a n  t h e  a c t i v e  area of t h e  e m i t t e r .  F i r s t ,  t h e  d i a m e t e r  
i s  g r e a t e r ,  s i n c e  the  t o p  j u n c t i o n  i s  b e v e l l e d .  Also, t h e  a c t i v e  
e m i t t e r  area i n c l u d e s  o n l y  t h e  e m i t t e r  area and n o t  t h e  s h o r t e d  area.  

The a c t i v e  dev ice  area of 1 1 . 0  e m 2  s h o u l d ,  t h e r e f o r e ,  be used t o  
c a l c u l a t e  t h e  t o t a l  r e v e r s e  b l o c k i n g  c u r r e n t  from t h e  curve  i n  
F igure  5.12. 
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6 .  DEVICE FABRICATION 

6 . 1  I n t r o d u c t i o n  

The p r e v i o u s  s e c t i o n s  have d e a l t  t h e o r e t i c a l l y  w i t h  t h e  effects 

of r a d i a t i o n  on dev ice  c h a r a c t e r i s t i c s .  A method t o  des ign  a d e v i c e  
opt imized  t o  reduce  t h e s e  e f f ec t s  and t o  improve i t s  r a d i a t i o n  
r e s i s t a n c e  w a s  a l s o  d i s c u s s e d .  The t a s k  o f  f a b r i c a t i o n ,  however, 
remains t o  be cons ide red .  

As might w e l l  have been expec ted ,  compromises were n e c e s s a r y  
between t h e  Zleal ized dev ice  p r e d i c t e d  by the t h e o r e t i c a l  and ana ly-  
t i c a l  c o n s i d e r a t i o n s ,  and what cou ld  be produced by s t a t e - o f - t h e - a r t  
p r o c e s s i n g  t echno logy .  F a b r i c a t i o n  of t h e  proposed s t r u c t u r e  proved 
t o  be d i f f i c u l t .  Many problems were encoun te red .  

I n  t h e  f o l l o w i n g  s e c t i o n  a d e s c r i p t i o n  o f  t h e  i n i t i a l  p r o c e s s  
and i d e n t i f i c a t i o n  o f  t h e  in i t :a l  problem areas w i l l  be g iven .  These 
problem areas w i l l  t h e n  be d i s c u s s e d ,  a long  w i t h  expe r imen ta l  ev idence  
which l e d  t o  t h e i r  i d e n t i f i c a t i o n .  Conclusions w i l l  be  reached  w i t h  
r e g a r d  t o  t h e  s o l u t i o n  o f  t h e s e  problems through a d e v i c e  r e d e s i g n  
t h a t  would have a minimal e f f ec t  on t h e  r a d i a t i o n  r e s i s t a n c e ,  The 
i n t e n t  w i l l  be  t o  g i v e  a b r i e f  p i c t u r e  o f  t h e  p r o c e s s  problems and 
r e s u l t s  and n o t  t o  d e a l  i n  d e t a i l  w i t h  the expe r imen ta t ion  which l e d  
t o  t h e  f i n a l  d e s i g n .  The s e c t i o n  w i l l  be concluded by p r e s e n t i n g  t h e  
r e s u l t s  from t h e  f a b r i c a t i o n  of the d e v i c e s  w i t h  t h e  r edes igned  
s t r u c t u r e .  

6 2 F a b r i c a t i o n  P rocess  

The s t r u c t u r e  o f  t h e  SCR which w a s  op t imized  f o r  r a d i a t i o n  
r e s i s t a n c e  w a s  d i s c u s s e d  i n  S e c t i o n  5 . 3 ,  I n  o r d e r  t o  f a b r i c a t e  t h i s  
s t r u c t u r e ,  however, t y p i c a l  d i f f u s i o n  p r o c e s s  s t e p s  had t o  be  modi f ied .  
This  s e c t i p n  w i l l  summarize t h e  p r o c e s s  s t e p s  invo lved  i n  t h e  f a b r i c a -  
t i o n  o f  t h e  proposed s t r u c t u r e .  

-’+ 8- 



a )  Wafer P r e p a r a t i o n  

1. Cut wafers from s i l i c o n  b i l l e t .  
2 .  Lap wafers. 
3 .  Chemically p o l i s h  wafers by e t c h i n g .  

b )  Wafer D i f f u s i o n  

1. 

2. 
3 .  

4 .  

5 .  

6 .  

7 .  

8 .  

9 .  

c )  Wafer 

Di f fuse  wafers w i t h  g a l l i u m  on bo th  s ides  
( - 8 0  microns) .  

Lap w a f e r  t o  remove g a l l i u m  on one s i d e .  

Chemically p o l i s h  t h e  lapped s u r f a c e .  
D i f fuse  boron on lapped  s ide (-12 microns) .  
Oxidize both  s i d e s .  
E tch  e m i t t e r  p a t t e r n  on boron d i f f u s e d  
s i d e  u s i n g  p h o t o l i t h o g r a p h i c  t e c h n i q u e s .  
D i f f u s e  phosphorus e m i t t e r  ( 5  mic rons ) .  
Boron g e t t e r  from anode s ide.  

D i f f u s e  go ld  from anode s i d e .  

Contact  M e t a l l i z a t i o n  

1. Vapor d e p o s i t  vanadium and s i l v e r  on emi t t e r  s i d e .  

2 .  Etch c o n t a c t  p a t t e r n  u s i n g  p h o t o l i t h o g r a p h i c  

3 ,  Vapor d e p o s i t  aluminum on anode. 
t e c h n i q u e s .  

d )  Subassembly F a b r i c a t i o n  

1. Al loy  wafer  t o  t u n g s t e n  back up p l a t e .  
2 .  Bevel p o s i t i v e  ang le  on t h e  r e v e r s e  b lock ing  

3 .  Bevel sha l low n e g a t i v e  a n g l e  on t h e  forward 

4 Chemically etch contour  j u n c t i o n s  e 
5 .  P a s s i v a t e  j u n c t i o n s .  

j u n c t i o n .  

b loc&ing j b n c t i o n .  
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e >  E l e c t r i c a l  E v a l u a t i o n  

1. Pre l imina ry  v o l t a g e  c l a s s i f i c a t i o n .  
2 .  He rme t i ca l ly  house e l e c t r i c a l l y  good subassembl ies .  
3. F i n a l  e l ec t r i ca l  e v a l u a t i o n .  

T h e  fo rego ing  p r o c e s s  i s  d i f f e r e n t  from t h e  s t a n d a r d  p rocess  f o r  
h igh  c u r r e n t  S C R s .  The major d i f f e r e n c e s  i n c l u d e  t h e  a d d i t i o n  o f  a 
s i n g l e  s i d e  l a p p i n g  and p o l i s h i n g  o p e r a t i o n  and a second sha l low 
p type  d i f f u s i o n .  S ince  t h e s e  d i f f e r e n c e s  e v e n t u a l l y  were t h e  cause  
f o r  much conce rn ,  i t  i s  worthwhile  t o  c o n s i d e r  t h e s e  d i f f e r e n c e s  
b r i e f l y .  

Typ ica l  SCR p r o c e s s i n g  r e q u i r e s  two d i f f u s i o n s ,  an  i n i t i a l  double  
s i d e  p t y p e  d i f f u s i o n ,  fo l lowed by an  n t y p e  emitter d i f f u s i o n .  Th i s  
r e s u l t s  i n  a symmetr ica l  s t r u c t u r e ,  where b o t h  p r e g i o n s  have s i m i l a r  
impur i ty  p r o f i l e s .  
o r d e r  of  75  t o  1 0 0  microns .  It h a s  been t h e  e x p e r i e n c e  o f  people  i n  
t h i s  l a b o r a t o r y  t h a t  h i g h  v o l t a g e  d e v i c e s  w i t h  s h a r p  ava lanche  break-  
down c h a r a c t e r i s t i c s  can be f a b r i c a t e d  ve ry  c o n s i s t e n t l y  w i t h  deep 
d i f f u s i o n s .  Th i s  r e s u l t s  s i n c e  t h e  j u n c t i o n  r e g i o n  is l o c a t e d  away 
from s u r f a c e  r e l a t e d  damage and i r r e g u l a r i t i e s  e 

These j u n c t i o n s  are a l s o  t y p i c a l l y  deep ,  on t h e  

I n  t h e  case o f  t h e  r a d i a t i o n  r e s i s t a n t  S C R ,  however, t h e  d e s i g n  
r e q u i r e d  a s h a l l o w ,  1 5  micron d i f f u s i o n  f o r  t h e  forward b l o c k i n g  junc-  
t i o n .  A double  s i d e  sha l low d i f f u s i o n  w a s  n o t  p o s s i b l e .  For  t h e  above 
r e a s o n  one would p r e f e r  a deep j u n c t i o n  for b l o c k i n g  c a p a b i l i t y .  I n  
a d d i t i o n ,  a double  s i d e ,  sha l low d i f f u s i o n  would r e s u l t  i n  an ex t r eme ly  
t h i n  wafer ( - 1 2 5  m i c r o n s ) ,  one t h a t  would b e  v e r y  d i f f i c u l t  t o  h a n d l e .  

For  t h e s e  r e a s o n s  it w a s  n e c e s s a r y  t o  use  two s e p a r a t e  p t y p e  d i f f u s i o n s  
t o  form t h e  d e s i r e d  s t r u c t u r e .  The a d d i t i o n  o f  a one s i d e  l a p p i n g  
o p e r a t i o n  r e s u l t e d  from t h e  f ac t  t h a t  g a l l i u m  used t o  form t h e  deep 
j u n c t i o n  and s i l i c o n  d i o x i d e  w i l l  n o t  s e r v e  as a d i f f u s i o n  mask f o r  
ga l l i um.  

-50- 



6 3 Device F a b r i c a t i o n  Problems 

When d e v i c e s  w e r e  f a b r i c a t e d  w i t h  t h e  proposed p r o c e s s ,  a major  
problem w a s  encoun te red  w i t h  t h e  b loch ing  v o l t a g e .  A f e e l i n g  f o r  t h e  
t y p e  of  problem can be o b t a i n e d  th rough  comparison t o  a power t r a n -  
s i s t o r ,  s i n c e  t h e  t y p e  of  s t r u c t u r e  r e q u i r e d  f o r  t h e  forward b l o c k i n g  
j u n c t i o n  of t h e  S C R  i s  t y p i c a l  o f  t h e  s t r u c t u r e  used i n  h i g h  v o l t a g e  
( 6 0 C  v o l t s )  power t r a n s i s t o r s .  The e m i t t e r  area,  however, i s  many 
t i m e s  l a r g e r  t h a n  any commercial ly  a v a i l a b l e  t r a n s i s t o r .  Th i s  fact  

hecomes i m p o r t a n t  when one c o n s i d e r s  y i e l d .  

Y i e l d ,  s p e c i f i c a l l y  b lock ing  v o l t a g e  y i e l d ,  i s  s u b j e c t  t o  
d e g r a d a t i o n  due t o  d e f e c t s  i n  t h e  c r l y s t a l ,  s i n c e  t h e  b lock ing  v o l t a g e  
c a p a b i l i t y  o f  a j u n c t i o n  i s  impai red  by t h e  p re sence  o f  a d e f e c t .  I n  
genera-1, d e f e c t s  are caused  e i t h e r  d u r i n g  t h e  growth o f  t h e  c r y s t a l  or 
d u r i n g  subsequent  h i g h  t empera tu re  p r o c e s s i n g ,  such  as d i f f u s i o n .  They 
are d i s t r i b u t e d  a c r o s s  t h e  wafer i n  a random f a s h i o n ,  t h e i r  d e n s i t y  and 
l o c a t i o n  be ing  dependent  upon t h e  h i s t o r y  o f  t h e  s i l i c o n  c r y s t a l ,  
i n c l u d i n g  p r o c e s s i n g  c o n d i t i o n s  and doping c o n c e n t r a t i o n s .  The impor- 
t a n t  p o i n t  i s  t h a t  s i n c e  t h e  p re sence  of' a d e f e c t  i n  a g iven  p i e c e  of 

s i l i c o n  i s  random, t h e  p r o b a b i l i t y  o f  f i n d i n g  a d e f e c t  i n  t h a t  p i e c e  
of s i l i c o n  i s  a f u n c t i o n  o f  area and w i l l  i n c r e a s e  w i t h  i n c r e a s i n g  
area. Consequent ly ,  when t h e  area o f  a power t r a n s i s t o r  i n c r e a s e s ,  t h e  
v o l t a g e  y i e l d  w i l l  d e c r e a s e .  I n  t h e  case of t h e  SCR, t h e  s i t u a t i o n  i s  
even more demanding. S i n c e  t h e  b l o c k i n g  j u n c t i o n  covers  t h e  e n t i r e  area 

o f  t h e  p e l l e t ,  or:ly one d e f e c t  i s  n e c e s s a r y  t o  degrade  t h e  b l o c k i n g  
c h a r a c t e r i s t i c s .  ; T h e r e f o r e ,  t h e  q u e s t i o n  o f  y i e l d  f o r  an SCR r educes  
t o  t h e  p r o b a b i l i t y  of f i n d i n g  - a d e f e c t  i n  an  e n t i r e  wafer. 
r a m i f i c a t i o n s  from t h i s  r e s u l t  w i l l  b e  e v i d e n t  i n  t h e  f o l l o w i n g  s e c t i o n s .  

The 
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6 . 3 . 1  Forward Blocking Voltage 

A major problem a r o s e  d u r i n g  t h e  cour se  o f  f a b r i c a t i o n  o f  t h e  
proposed s t r u c t u r e .  None d f  t h e  i n i t i a l l y  f a b r i c a t e d  S C R s  possessed  
t h e  r e q u i r e d  forward b lock ing  v o l t a g e  c a p a b i l i t y  o f  6 0 0  v o l t s .  I n  
f a c t ,  t y p i c a l  forward c h a r a c t e r i s t i c s  appeared  r e s i s t i v e  i n  n a t u r e ,  
n o t  what would be found from a f o u r  l a y e r  semiconductor .  Many 
p o s s i b l e  causes  were i n v e s t i g a t e d .  Among t h e s e  were s p i k e s ,  p o i s o n i n g ,  
microplasmas,  and s u r f a c e  breakdown. Before t h e  expe r imen ta l  ev idence  
i s  p r e s e n t e d  which i d e n t i f i e s  t h e  s p e c i f i c  problem areas,  a b r i e f  

d e s c r i p t i o n  of  t h e  problem areas w i l l  be p r e s e n t e d .  

Spik ing  

P r o c e s s i n g  v a r i a b l e s  can i n t r o d u c e  non-un i fo rmi t i e s  i n t o  t h e  
s t r u c t u r e .  One of t he  most p e r s i s t e n t l y  t roublesome o f  t h e s e  o c c u r s  
? w i n g  d i f f u s i o n .  I t  can be re la ted  t o  i m p e r f e c t i o n s ,  i n t r o d u c e d  
eit i ier  by p r i o r  p r o c e s s i n g  of  t he  wafer or d u r i n g  t h e  growth o f  t h e  
c r y s t a l s  themselves .  The phenomenon i s  m a n i f e s t  as l o c a l l y  deep 
d i f f u s i o n  p e n e t r a t i o n .  By whatever  means t h e y  a r i se ,  t h e s e  poin t -wise  
d e v i a t i o n s  from f l a t n e s s  o f  d i f f u s e d  j u n c t i o n s  create l o c a l i z e d  p o i n t s  
o f  h i g h  e l e c t r i c  f i e l d .  The d e p l e t i o n  l a y e r  s p r e a d s  unevenly ,  
l e a d i n g  t o  premature breakdown wherever t h e s e  p o i n t s  occur .  S i m i -  

l a r l y ,  i n  a d e v i c e  whose breakdown c h a r a c t e r i s t i c  i s  governed by 
punchthrough,  t h e s e  p o i n t s  can  b reak  down i n  advance of t h e  remainder  
o f  t h e  d e v i c e  and c a r r y  more t h a n  t h e i r  s h a r e  of  r e v e r s e  b l o c k i n g  
c u y r e n t .  The problem i s  referred t o  as s p i k i n g  because o f  t h e  resem- 
b lance  of  t h e s e  deep p o i n t s  of enhanced d i f f u s i o n  t o  s m a l l  s p i k e s .  

One cause  of  these s p i k e s  h a s  been found i n  phosphorus d i f f u s i o n  
q s i n g  a PQ05 s o u r c e .  
p r o c e s s  i s ,  as f o l l o w s ;  

i n  t h e  d i f f u s i o n  t u b e  a t  a t e n p e r a t u r e  r ang ing  from 100-4OO0C.  A 
stream of  o x i d i z i n g  gas  p a s s e s  o v e r  t h i s  b o a t  p i c k i n g  up and c a r r y -  
i n g  wi th  it t h e  vapor s  of P2O5. 

The u s u a l  p rocedure  when u s i n g  t h i s  d i f f u s i o n  
a s o u r c e  b o a t  c o n t a i n i n g  P205 i s  main ta ined  

Far7ther down t h e  t u b e  s i l i c o n  wafers 
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are p l a c e d  a t  t h e  d i f f u s i o n  t e m p e r a t u r e ,  which i s  u s u a l l y  i n  t he  

r ange  o f  1100-13OO0C. The s i l i c o n  wafers, b e i n g  i n  an o x i d i z i n g  
envi ronment ,  become covered w i t h  a g l a s s y  c o a t  composed o f  s i l i c o n  
d i o x i d e  and P205. I d e a l l y ,  t h i s  c o a t i n g  of  glass i s  uniform a l l  
o v e r  t he  wafers. I t  sometimes happens ,  however, t h a t  s m a l l  p a r t i -  
c les  o f  P205 w i l l  be carr ied from t h e  s o u r c e  b o a t  t o  t h e  s i l i c o n  
wafers .  If such a p a r t i c l e  l a n d s  on t h e  s i l i c o n  s u r f a c e ,  a l o c a l l y  
h i g h  c o n c e n t r a t i o n  o f  phosphorus i s  c r e a t e d .  D i f f u s i o n  from such a 
source  i n t o  t h e  s i l i c o n  s l i c e  may cause  ~ p i k e s ( ~ ’ 9 ~ ~ ) ~  

T o  avo id  t h i s  e f f e c t ,  p a r t i c u l a r  care must be  t a k e n  d u r i n g  
phosphorus d i f f u s i o n  o f  s i l i c o n  wafers, Other  forms o f  phosphorus 
can be used as s o u r c e  materials. The s u r f a c e  c o n c e n t r a t i o n  and 
t empera tu re  can be reduced .  While these procedures  w i l l  r educe  or 
e l i m i n a t e  t h e  i n c i d e n c e  of  s p i k i n g  from d i f f u s i o n ,  t h e y  do n o t  
dec rease  t h e  occur rence  of  s p i k e s  from f l a w s  i n  t h e  s i l i c o n  wafer. 

;?o i s oning  

P r e c i p i t a t i o n  o f  u n d e s i r e d  i m p u r i t i e s ,  normally cal led 

p o i s o n i n g ,  i s  an anomalous e f fec t  o c c u r r i n g  most f r e q u e n t l y  d u r i n g  
d i f f u s i o n  o f  s i l i c o n .  I t  i s  g e n e r a l l y  a t t r i b u t e d  t o  l o c a l  concen- 
- ; ra t ions i n  t h e  j u n c t i o n  r e g i o n  of  u n d e s i r a b l e  me ta l l i c  i m p u r i t i e s .  
I f  an undes i r ed  meta l l ic  impur i ty  i s  p r e s e n t  i n  a s i l i c o n  s l i c e ,  it 
can mig ra t e  t o  r e g i o n s  o f  h i g h  d i s l o c a t i o n  d e n s i t y  under  c e r t a i n  
h e a t  t r e a t i n g  c o n d i t i o n s  f r e q u e n t l y  found i n  d i f f u s i o n ,  A t  t h e s e  
? o i n t s ,  t h e  me ta l l i c  e lement  p r e c i p i t a t e s  and forms s m a l l  p a r t i c l e s .  
The e l e c t r i c  f i e l d  i n  t h e  v i c i n i t y  o f  t h e s e  p a r t i c l e s  i s  c o n c e n t r a t e d ,  
l e a d i n g  t o  enhanced impact  i o - t i z a t i o n  i n  t h i s  area. These e f f ec t s  
have been e x t e n s i v e l y  s t u d i e d  and have been shown t o  be r e l a t e d  t o  
t h e  occur rence  of  microplasmas (41 342 343 
e m i t t i n g  areas i n  t h e  j u n c t i o n  r e g i o n  and are a s s o c i a t e d  w i t h  s o f t  
breakdown c h a r a c t e r i s t i c s .  These microplasmas were observed  i n  t h e  

r a d i a t i o n  r e s i s t a n t  devices and w i l l  be d i s c u s s e d  i n  more d e t a i l .  

which are s m a l l  l i g h t -  
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To reduce  t h e  e f fec ts  of  po i son ing ,  g e t t e r i n g  h a s  been 
employed. G e t t e r i n g  makes use  of the  fac t  t h a t  po isoning  impuri-  
t i e s  f r e q u e n t l y  have h i g h e r  s o l u b i l i t y  i n  o t h e r  metals, o x i d e s ,  or 
g l a s s e s  t h a n  i n  s i l i c o n .  These metals, o x i d e s ,  or g l a s s e s  are 
a p p l i e d  t o  t h e  s u r f a c e  of t h e  s i l i c o n  s l i c e  and a h e a t  t r e a t m e n t  i s  
c a r r i e d  o u t .  During t h i s  p rocedure ,  t h e  undes i r ed  i m p u r i t i e s  m i g r a t e  
t o  t h e  s u r f a c e  of  t h e  s i l i c o n  s l i c e  and t h e s e  d i s s o l v e  i n  t h e  s u r f a c e  
c o a t i n g ,  a f t e r  which t h e  c o a t i n g  and t h e  i m p u r i t i e s  can be removed 
chemica l ly .  These methods have been employed widely i n  t h e  manufac- 
t u r e  of l a r g e - a r e a ,  high-power s i l i c o n  d e v i c e s  wi th  b e n e f i c i a l  e f f ec t s .  

M i  croplasmas 

I f  a p-n j u n c t i o n  i s  r e v e r s e  b i a s e d ,  spontaneous l i g h t  emis s ion  
may be observed.  These emiss ions  can be d i v i d e d  i n t o  t h r e e  classes. 
I n  very  pure  s i l i c o n  c r y s t a l s  w i th  p l a n e - p a r a l l e l  j u n c t i o n s  and 
wi thou t  s u r f a c e  e f f e c t s ,  a r e l a t i v e l y  uniform glow appea r s  f i r s t .  
This  i s  caused by h o l e - e l e c t r o n  recombina t ion  i n  t h e  d e p l e t i o n  r e g i o n  
under ava lanche  c o n d i t i o n s .  The breakdown v o l t a g e  of t h e s e  j u n c t i o n s  
ag rees  w i t h  t h e o r y .  

More o f t e n ,  however, one sees a number o f  discrete p o i n t s  of 
l i g h t .  
o f  occur rence  of  inhomogenei t ies  i n  t h e  b lock ing  l a y e r ,  such as 
l a t t i c e  defects  meta l l ic  p r e c i p i t a t e s ,  and s p i k e s  The dimensions 
o f  t h e s e  p o i n t s  are s m a l l ,  less t h a n  one micron i n  d i ame te r .  The 
broad-area r a d i a t i o n  referred t o  above i s  cal led macroplasma, wh i l e  
a point-wise s o u r c e ,  which may be very  numerous, i s  called a 

microplasma a 

The number and d i s t r i b u t i o n  of  t h e s e  depends on t h e  f requency  

With r e p e a t e d  a p p l i c a t i o n s  of  r e v e r s e  c u r r e n t ,  microplasmas 
~ e c u r  i n  t h e  same l o c a t i o n s  I f  t h e  v o l t a g e  i s  very  s lowly  i n c r e a s e d ,  . 

it i s  found t h a t  i n d i v i d u a l  microplasmas w i l l  appear  a t  the same va lue  . 
of  v o l t a g e ,  which may d i f f e r  for each ,  I n v e s t i g a t i o n s  o f  microplasmas 
have shown t h a t  t h e y  are t h e  r e s u l t  of ava lanche  breakdown of s m a l l ,  

i n d i v i d u a l  channe l s .  
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Sur face  Breakdown 

Avalanche breakdown occur s  i n  s i l i c o n  when the e l e c t r i c  f i e l d  
reaches a c r i t i c a l  v a l u e ( l ) .  
carr ier  i n  the space  charge  l a y e r  i s  accelerated t o  a s u f f i c i e n t  
speed ,  such t h a t  i t s  c o l l i s i o n  wi th  t h e  l a t t i c e  r e s u l t s  i n  t h e  crea- 
t i o n  of  h o l e - e l e c t r o n  p a i p s  which i n  t u r n  accelerate, c o l l i d e ,  and 
c r e a t e  more h o l e - e l e c t r o n  p a i r s .  A s i m i l a r  phenomena occurs  a t  the 

s u r f a c e  of t h e  dev ice  i f  t he  c r i t i ca l  va lue  of e l ec t r i c  f i e l d  i s  
reached .  I n t u i t i v e l y  one would expec t  t h a t  l ess  e l e c t r i c  f i e l d  

would be r e q u i r e d  t o  produce ava lanche  breakdown a t  t h e  s u r f a c e ,  s i n c e  
car r ie rs  are no t  as t i g h t l y  bound t o  t h e  l a t t i c e  n e a r  t h e  surface due 

t o  g r o s s  i m p e r f e c t i o n s  and d i s t u r b a n c e s  a t  the  surface-ambient  i n t e r -  
face. Consequently,  one would expec t  s u r f a c e  breakdown t o  occur  
be fo re  t h e  v o l t a g e  a c r o s s  t h e  dev ice  reaches  a h igh  enough va lue  f o r  
breakdown w i t h i n  the  s i l i c o n .  

A j u n c t i o n  ava lanches  when a f r e e  

It i s  d e s i r a b l e  t o  des ign  a dev ice  so  t h a t  breakdown occur s  i n  
the  b u l k ,  so  t h a t  optirhum blocking  v o l t a g e  c a p a b i l i t y  can be 

achieved w i t h  t h e  lowes t  s t a r t i n g  r e s i s t i v i t y .  T h i s  i m p l i e s  t h a t  

t he  s u r f a c e  f i e l d  must be reduced.  S e v e r a l  methods are a v a i l a b l e ,  
however, t h e  one most commonly used for h igh  power S C R s  (and the one 
used i n  t h e  r a d i a t i o n  r e s i s t a n t  S C R )  i s  s u r f a c e  con tour ing (44)  
I n  t h i s  case t h e  j u n c t i o n  s u r f a c e  i s  b e v e l l e d ,  s o  t h a t  the d e p l e t i o n  
regi-on a t  t h e  s u r f a c e  s p r e a d s  fa r ther  t h a n  i n  t h e  bu lk  and,  conse- 
q u e n t l y ,  reduces  t he  e lec t r ic  f i e l d .  A d e t a i l e d  e x p l a n a t i o n  o f  the  

e f fec ts  of b e v e l i n g  a n g l e  j u n c t i o n  depth  and s u r f a c e  c o n c e n t r a t i o n  
can be found i n  r e f e r e n c e  ( 4 4 )  For o u r  purposes  now, only  two r e s u l t s  
are necessa ry :  
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(1) A p o s i t i v e  angle  contour  (one where the  r e g i o n  w i t h  

t he  h i g h e r  c o n c e n t r a t i o n  o f  i m p u r i t i e s  has t h e  l a r g e r  
diameter) i s  more e f f e c t i v e  i n  r educ ing  s u r f a c e  f i e lds  

t h a n  a n e g a t i v e  a n g l e  and,  

( 2 )  A deep,  low s u r f a c e  c o n c e n t r a t i o n  d i f f u s i o n  w i l l  
produce lower s u r f a c e  f i e l d s  f o r  a given contour  
t h a n  w i l l  a sha l low h igh  s u r f a c e  c o n c e n t r a t i o n  
d i f f u s i o n  a 

These r e s u l t s  are i m p o r t a n t ,  as the  r a d i a t i o n  r e s i s t a n t  S C R  w a s  
designed w i t h  a sha l low forward b locking  j u n c t i o n  which i s  normally 
contoured wi th  a n e g a t i v e  ang le  f o r  ease i n  f a b r i c a t i o n .  

6 . 3 . 2  L i f e t i m e  Cont ro l  

A v i t a l  area i n  t h e  f a b r i c a t i o n  of  t h y r i s t o r s  i s  l i f e t i m e  
c o n t r o l .  I n  t h e  s t r u c t u r e  of t he  SCR f o r  r a d i a t i o n  r e s i s t a n c e ,  t h i s  

area i s  even more c r i t i c a l ,  s i n c e  t h e  narrow p-base r e s u l t s  i n  a h igh  
4a in  npn s e c t i o n  o f  the  S C R ,  which w i l l  cause  premature turn-on if 
t h e  l i fe t ime i s  n o t  reduced s u f f i c i e n t l y  t o  dec rease  t h i s  ga in .  This  
l i f e t i m e  c o n t r o l  i s  u s u a l l y  accomplished by d i f f u s i o n  of go ld  i n t o  
t h e  s t r u c t u r e s  as one of t h e  f i n a l  s t a g e s  o f - c o n s t r u c t i o n .  Gold i s  
q u i t e  e f f e c t i v e  i n  t h i s  a p p l i c a t i o n ,  b u t  there  are s i d e  effects  which 

compl ica te  i t s  use .  

Gold i s  one of s e v e r a l  e lements  known t o  have two d i f f e r e n t  
d i f f u s i o n  rates i n  s i l i c o n .  A s  an i n t e r s t i t i a l  atom, it d i f f u s e d  very  
r a p i d l y ,  whi le  s u b s t i t u t i o n a l l y  t h e  d i f f u s i o n  r a t e  i s  s lower .  For 
li<et:-me c o n t r o l ,  w e  make use of t h e  f a s t - d i f f u s i n g  n a t u r e  of i n t e r -  
s t i t i h  g o l d ,  because t h e  go ld  can be p u t  i n t o  a device  as a f i n a l  
s t e p  a f t e r  a l l  o t h e r  s t ruc tu re - fo rming  p rocesses  are complete wi thou t  
any s i g n i . f i c a n t  d i f f u s i o n  c'f o t h e r  e lements  and consequent ly  wi thou t  
changes i n  t h e  device  geometry. Gold d i f f u s i o n  is compl ica ted ,  however, 
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when a t t empt ing  t o  achieve  a determined go ld  c o n c e n t r a t i o n  i n  t h e  
base r e g i o n s  of an S C R ,  i n  our case, s p e c i f i c a l l y  t h e  p-base. I t  
has  been shown t h a t  phosphorus l a y e r s  i n h i b i t  go ld  d i f f u s i o n  i n  
s i l i c o n .  A s  a r e s u l t ,  it i s  d i f f i c u l t  t o  c o n t r o l  t h e  l o c a t i o n  and 
c o n c e n t r a t i o n  i n  a dev ice .  

The e f f ec t  o f  improper go ld  c o n c e n t r a t i o n  on t h i s  device  
should be $ e a l i z e d .  I f  t h e  go ld  c o n c e n t r a t i o n  i s  t o o  low, t h e  g a i n  
of t h e  npn w i l l  be t o o  h igh  and t h e  dev ice  w i l l  t u r n  on a t  low forward 
v o l t a g e s .  If t h e  gold  c o n c e n t r a t i o n  i s  t o o  h i g h ,  t h e  gold  atoms w i l l  
coxpensate t h e  h igh  r e s i s t i v i t y  n-base,  caus ing  punchthrough. I n  t h e  
des ign  of t h e  d e v i c e ,  t h e  s t a r t i n g  r e s i s t i v i t y  w a s  s e l e c t e d  lower t h a n  
normal t o  compensate f o r  some r i se  i n  r e s i s t i v i t y  du r ing  gold d i f -  

f u s i o n .  The area s t i l l  remained c r i t i c a l ,  s i n c e  f u r t h e r  compromise 
w a s  necessa ry  between b lock ing  v o l t a g e  and forward drop.  

6 . 3 . 3  Experimental  R e s u l t s  and Discuss ion  

I n  o r d e r  t o  determine t h e  p r e c i s e  cause of  t h e  l i m i t e d  b locking  
v o l t a g e  problem, a series of  experiments  w a s  performed. The i n t e n t  
w a s  t o  i s o l a t e  t h e  cause  of t h e  b locking  v o l t a g e  problem, s o  t h a t  
c o r r e c t i v e  measures could  be t aken  on subsequent  d i f f u s i o n s .  

A f e e l i n g  of t h e  t y p e  of problem t h a t  w a s  encountered  can be 

gained by i n s p e c t i o n  o f  t h e  t a b l e  i n  F igure  6 . 1 .  The tab le  summarizes 
t h e  forward and r e v e r s e  breakdown v o l t a g e s  o b t a i n e d  from t h e  f i r s t  two 
d i f f u s i o n  groups .  
no dev ices  e x h i b i t e d  a forward b locking  v o l t a g e  c a p a b i l i t y .  

A major b locking  v o l t a g e  problem i s  obvious ,  s i n c e  
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1 0  
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' ( B R > R  

840  
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8 0 0  

l o o  
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8 8 0  
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4 4 0  
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Shor t  
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780  

8 8 0  
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2 8 0  
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Shor t  
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6 8 0  
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b o >  

Shor t  
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- 
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Figure  6 . 1  Summary of t h e  Forward and 
Reverse Blocking Voltages 
From t h e  F i r s t  Two Di f fus ion  
Groups * 

Figure  6 . 2  S u b p e l l e t i z e d  Wafer Used f o r  
Eva lua t ion  of t h e  Forward 
Blocking Voltage e 
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I n  o r d e r  t o  de te rmine  the cause  of the  problem, s e v e r a l  o f  t h e  
above d e v i c e s  w e r e  s u b p e l l e t i z e d  by e t c h i n g  down through t h e  m e t a l -  
l i z a t i o n  and t h e  forward b lock ing  j u n c t i o n  t o  i s o l a t e  s e v e r a l  s m a l l  
SCRs ( - 3 0 0  m i l s  i n  d i ame te r )  on t h e  same wafer, as shown i n  F igu re  
6 . 2 .  These i n d i v i d u a l  p e l l e t s  were t h e n  checked f o r  forward b lock ing  

I n d i v i d u a l  
Sub-pe l l e t  # 

vol tagz  e z F a b i l i t y .  The t a b l e  i n  F igu re  6 . 3  summarizes t he  r e s u l t s .  

GROUP ' A '  P 
V ( B R I R  /I ( m a )  

8 0 0 / 5  

9 0 0 / 2  

9 5 0 / . 2  

9 0 0 / 1  

9 7 5 ' / 1  

9751'2 

8 5 0 / 2  

9 7 5 / 1  

Shor t  
S h o r t  
4 0 0 / 3  

Shor t  
4 5 0 / . 5  

4 0 / 2  

4 0 0 / . 2  

4 5 0 / 2 0  

8 5 0 / 1  

8 0 0 / 2  

7 5 0 / 2  

5 0 0 / 6  

5 5 0 / 2  

7 5 0 / 2  

1 0 0 / 2  

5 5 0 / 4  

' ( B O )  /ID 

Shor t  
Shor t  
3 5 0 / 1  

Shor t  
6 0 / 3  

Shor t  
6 0 / 7  

3 5 ~ 4  

Figure  6 . 3  Forward and Reverse Blocking Voltages o f  t h e  
S u b p e l l e t i z e d  Wafer o f  F igu re  6 . 2 .  

A s  can be  s e e n ,  some of t h e  s u b p e l l e t s  r e g a i n e d  a forward 
b lock ing  v o l t a g e  c a p a b i l i t y .  S e v e r a l  conc lus ions  w e r e  e v i d e n t  as a r e s u l t  
of t h i s  experiment  : 

1) Since  the forward b lock ing  v o l t a g e  c a p a b i l i t y  w a s  r ega ined  
on some of t h e  s u b p e l l e t s ,  t h e  problem w a s  e s t a b l i s h e d  t o  
be  l o c a l i z e d .  

2 )  Since  some of  t h e  s u b p e l l e t s  remained e l ec t r i ca l  s h o r t s ,  
t h e  problem appeared t o  be caused by phosphorus s p i k e s  which 
nad d i f f u s e d  through t h e  p-base r e g i o n  t o  s h o r t  t h e  forward 
b lock ing  j u n c t i o n ,  
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3 )  Since  none of t h e  s u b p e l l e t s  a t t a i n e d  a forward 
b l o c k i n g  v o l t a g e  c a p a b i l i t y  n e a r  t h e  des ign  v o l t a g e  
of 7 2 0  v o l t s ,  an a d d i t i o n a l  problem w a s  i n d i c a t e d .  

I n  o r d e r  t o  prove t h a t  s p i k i n g  w a s ,  i ndeed ,  a problem, s e v e r a l  
wafers  were ang le  lapped  and s t a i n e d  s o  t h a t  t h e  j u n c t i o n s  cou ld  be  
observed.  The p i c t u r e s  i n  F igure  6 . 4  o f  t h e  forward b lock ing  junc-  
t i o n  proved t h e  e x i s t a n c e  of  s p i k e s ,  as one can see a cont inuous  
n-region ex tend ing  from t h e  n s - e m i t t e r  th rough t h e  p-base r e g i o n  i n t o  
t h e  n-base r e g i o n ,  

p-Short  n-Emit t e  r 

Spike 

- n-Base 

F igure  6 . 4  Angle Lapped and S t a i n e d  Cross- 
S e c t i o n  of  t h e  npn S e c t i o n  of a 
T h y r i s t o r  Showing t h e  Ex i s t ance  
of  an  n s p i k e .  

Since t h e  e x i s t a n c e  of s p i k e s  had been c l e a r l y  shown, t h e  
ason for t h e  s h o r t e d  forward b lock ing  c h a r a c t e r i s t i c s  w a s  e s t a b -  

l i s h e d ,  However, t h e  f ac t  t h a t  t h e  forward b lock ing  v o l t a g e  of  t h e  
s u b p e l l e t i z e d  subassembl ies  w a s  below t h e  des igned  v o l t a g e  remained 
to be e v a l u a t e d ,  This  e f f e c t  could r e s u l t  from one or a l l  of t h e  
fo l lowing :  
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1) Punchthrough t o  an n s p i k e  i n  t h e  p-base r eg ion  which 
had n o t  extended i n t o  t h e  n-base r e g i o n  t o  cause a s h o r t ,  

2 )  Degradat ion i n  t h e  b lock ing  c h a r a c t e r i s t i c s  r e s u l t i n g  
from j u n c t i o n  po i son ing ,  or 

3 )  Surface  breakdown r e s u l t i n g  from an improper surface 
contour .  

To g a i n  more in fo rma t ion  as t o  t h e  r easons  f o r  t h e  l i m i t e d  v o l t -  
age c a p a b i l i t y ,  a series o f  experiments  w e r e  performed wi th  shal low 
d i f f u s e d  j u n c t i o n s .  Simple p n p  d i f f u s e d  wafers were used as a 
v e h i c l e  f o r  v o l t a g e  expe r imen ta t ion  i n  p r e f e r e n c e  t o  a c t u a l  d e v i c e s .  
This  s i m p l i f i e d  t h e  exper iments  i n  s e v e r a l  ways. I t  e l i m i n a t e d  
s p i k i n g  as a cause f o r  premature breakdown, s i n c e  t h e  pnp wafers would 
6on ta in  no n+ emitters,  and it s i m p l i f i e d  p r o c e s s i n g  by e l i m i n a t i n g  
o x i d a t i o n ,  masking and d i f f u s i o n  s t e p s .  A l s o ,  by con tour ing  a pnp 
wafer w i t h  one a n g l e ,  bo th  p o s i t i v e  and n e g a t i v e  contours  could be 

eva lua ted  on a s i n g l e  wafer. 

Many experiments  were performed. Both g a l l i u m  and boron were 
eva lua ted  as dopents .  Open and c l o s e d  t u b e  d i f f u s i o n  p rocesses  were 
eva lua ted  w i t h  v a r i o u s  s u r f a c e  c o n c e n t r a t i o n s  and j u n c t i o n  dep ths .  
Wafers were mechanica l ly  p o l i s h e d  t o  a m i r r o r  f i n i s h  b e f o r e  d i f f u s i o n  
s o  t h a t  t h e  effects  .of t h e  wafer s u r f a c e  on t h e  j u n c t i o n  characteris- 
t i c s  could  be  e v a l u a t e d .  Even a s imul taneous  ga l l i um-a r sen ide  pro- 
cess w a s  e v a l u a t e d .  The s p e c i f i c  r e s u l t s  f r o m  these experiments  are 
impor t an t ,  for  t h e y  determined the causes  f o r  the b lock ing  v o l t a g e  
d i f f i c u l t i e s .  Howevers t h e  d e t a i l s  are n o t  e s s s e n t i a l  i n  t h e  deve l -  
opment of t h e  r a d i a t i o n  r e s i s t a n t  SCR.  I n  f ac t ,  t h e y  would do l i t t l e  
more t h a n  obscure  t h e  major o b j e c t i v e ,  t h e  f a b r i c a t i o n  of a device  
w i t h  improved r a d i a t i o n  r e s i s t a n c e .  Consequent ly ,  these d e t a i l s  have 
no t  been inc luded  h e r e .  The g e n e r a l  r e s u l t s  and c o n c l u s i o n s ,  however, 
are impor t an t  and w i l l  be d i s c u s s e d  i n  the fo l lowing  s e c t i o n .  
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6 . 3 . 4  Conclusions 

I A s  a r e s u l t  of t h e  e v a l u a t i o n < o f  t h e  effects  of  sha l low junc- 
1 

t i o n s  on b locking  v o l t a g e  c a p a b i l i t y ,  s e v e r a l  conc lus ions  were 
drawn : 

1) Spik ing  w a s  d e f i n i t e l y  a problem w i t h  shal low j u n c t i o n s .  
The p r o b a b i l i t y  t h a t  s p i k e s  w i l l  occu r  w i t h i n  a dev ice  
can be decreased by lower ing  t h e  s u r f a c e  c o n c e n t r a t i o n  
of  t h e  phosphorus and by c a r e f u l  s u r f a c e  p r e p a r a t i o n ,  
such as p o l i s h i n g .  Opera t ions  on t h e  s i l i c o n  wafer, 
such as sawing and l a p p i n g ,  causes  damage t o  t h e  c r y s t a l  
l a t t i c e  which ex tends  below t h e  s u r f a c e .  This  t ype  of 
damage enhances t h e  p r o b a b i l i t y  of s p i k i n g ,  e s p e c i a l l y  
i n  d e v i c e s  w i t h  sha l low j u n c t i o n s ,  s i n c e  t h e  j u n c t i o n  
may l i e  i n  t h e  damaged r e g i o n .  

2 )  The s u r f a c e  con tour  had a pronounced e f f ec t  upon 
b locking  v o l t a g e  c a p a b i l i t y  of  d e v i c e s  w i t h  sha l low 
j u n c t i o n s .  I n  g e n e r a l ,  des igned  v o l t a g e  c a p a b i l i t y  
could be ob ta ined  only  on dev ices  which were contoured 
wi th  a p o s i t i v e  a n g l e .  The s u r f a c e  con tour  became even 
more c r i t i c a l  on dev ices  f a b r i c a t e d  wi th  sha l low,  h igh  
s u r f a c e  c o n c e n t r a t i o n  d i f f u s i o n s .  

3 )  The b lock ing  v o l t a g e  c a p a b i l i t y  of  j u n c t i o n s  which l i e  

c l o s e  t o  t h e  s u r f a c e  i s  s u b j e c t  t o  deg rada t ion  caused 
by poisoning .  C r y s t a l  damage s i tes  which ex tend  below 
t h e  s u r f a c e  act  as s i n k s  f o r  metal i m p u r i t i e s ,  and 
when t h e s e  si tes a r e  l o c a t e d  i n  t h e  d e p l e t i o n  r e g i o n ,  
t h e  b lock ing  v o l t a g e  can be impai red ,  The effects  of  
po isoning  can be reduced by u s i n g  deeper  b lock ing  
j u n c t i m s  and by c a r e f u l  s u r f a c e  p r e p a r a t i o n  t o  r educe  
s u r f a c e  gene ra t ed  damage. 
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4 )  S ince  a combination !of t h e  above effects  were found t o  
be t h e  cause of  t h e  b lock ing  v o l t a g e  problem, it w a s  
concluded t h a t  t h e  pboposed s t r u c t u r e  f o r  t h e  r a d i a t i o n  
r e s i s t a n t  SCR could  no t  be f a b r i c a t e d  w i t h  convent iona l  
t echn iques  i n  a r easonab le  amount of t i m e .  

6 . 4  Device Redesign 

For t h e  r easons  which have j u s t  been d i s c u s s e d ,  a r e d e s i g n  of 
s5e  r a d i a t i o n  r e s i s t a n t  SCR was necessa ry  i n  o r d e r  t o  f a b r i c a t e  
I s v i c e s  and complete c o n t r a c t  commitments. One q u e s t i o n  which must  be 

a??s:csred, however, i s  what e f fec t  w i l l  a dev ice  r e d e s i g n  have on t h e  
i n h e r e n t  r a d i a t i o n  r e s i s t a n c e  of t h e  d e v i c e .  T h i s  q u e s t i o n  w i l l  be 
d i scussed  i n  t h e  fo l lowing  s e c t i o n .  We w i l l  see t h a t  one f u r t h e r  
t r a d e - o f f  should  have been cons ide red  a t  t h e  t i m e  o f  the  o r i g i n a l  
des ign ,  t h a t  be ing  p r o c e s s i n g  f e a s i b i l i t y .  There i s  a t r a d e - o f f  
between p r o c e s s i n g  c a p a b i l i t y  and r a d i a t i o n  r e s i s t a n c e .  

6 . 4  e 1 Compromise Design 

I n  o r d e r  t o  f a b r i c a t e  an SCR w i t h  a b lock ing  v o l t a g e  c a p a b i l i t y  
of 6 0 0  v o l t s ,  t h e  problems a s s o c i a t e d  w i t h  sha l low j u n c t i o n  had -to 
be e l i m i n a t e d .  S e v e r a l  a l t e r n a t i v e s  were a v a i l a b l e .  The occurrence  
of s p i k i n g  can be reduced by lower ing  t h e  s u r f a c e  c o n c e n t r a t i o n  of  t h e  
n+ e m i t t e r  d i f f u s i o n .  This could  a l s o  be accomplished by i n c r e a s i n g  
t h e  p-base width and t h e  p d i f f u s i o n  depth .  
reduce t h e  effect  of  sha l low s p i k e s  which might t o t a l l y  s h o r t  a 
narrower base  r e g i o n ,  while  t h e  deepe r  d i f f u s i o n  would reduce t h e  
effect: of s u r f a c e  r e i . a t ed  damage, s i n c e  t h e  b lock ing  j u n c t i o n  would 
l i e  deeper  i n  t h e  s i l i c o n .  A deeper  d i f f u s i o n  would a l s o  reduce t h e  

likelihood of j u n c t i o n  po i son ing ,  s i n c e  t h e  i m p u r i t i e s  which p r e c i p i -  
r a t e  a t  damage s i tes  n e a r  t h e  s u r f a c e  would n o t  be l o c a t e d  i n  t he  

d e p l e t i o n  r e g i o n .  
i n g  t h e  p s u r f a c e  c o n c e n t r a t i o n  and i n c r e a s i n g  t h e  j u n c t i o n  dep th ,  

T h e  wider  p-base would 

The peak s u r f a c e  f i e l d s  can be reduced by decreas- 
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3 : s  c a u s e s ' a  more graded j u n c t i o n  which r e s u l t s  i n  more d e p l e t i o n  
r e g i o n  sp read ing  and lower peak f i e l d s .  However, the  same r e s u l t  
can be effected by con tour ing  t h e  s u r f a c e  w i t h  a p o s i t i v e  a n g l e .  
S o ,  i n  summary, f o r  optimum b lock ing  v o l t a g e  c a p a b i l i t y ,  one would 
l i k e  deep d i f f u s i o n s ,  wide p-base wid th ,  low p s u r f a c e  c o n c e n t r a t i o n ,  
and a p o s i t i v e  b e v e l .  However, t h i s  does n o t  c o n t r i b u t e  t o  optimum 
r a d i a t i o n  r e s i s t a n c e .  A s  d i s c u s s e d  i n  s e c t i o n  4 ,  a deepe r ,  lower 
s u r f a c e  c o n c e n t r a t i o n  p-type d i f f u s i o n  would cause: a more graded 
j u n c t i o n  which would dec rease  t h e  a i d i n g  b u i l t - i n  f i e l d  and ,  con- 
s e q u e n t l y ¶  t h e  t r a n s p o r t  f a c t o r  (npn g a i n ) ,  e s p e c i a l l y  a t  low l i f e -  

t i m e .  An i n c r e a s e  i n  t h e  p-base width (which would be necessa ry  f o r  
a more graded j u n c t i o n ,  s i n c e  the d e p l e t i o n  r e g i o n  sp read ing  would 
i n c r e a s e )  l i k e w i s e  would dec rease  t h e  t r a n s p o r t  f a c t o r .  S ince  a 

h:gh npn g a i n  i s  d e s i r e d  for r a d i a t i o n  r e s i s t a n c e ,  these e f fec ts  
vould dec rease  t h e  r a d i a t i o n  r e s i s t a n c e  i n h e r e n t  i n  t h e  proposed 
s t r u c t u r e .  I n  s h o r t ,  t h e r e  i s  a t r a d e - o f f  between r a d i a t i o n  res i s tance  
and b locking  v o l t a g e .  More p r e c i s e l y ,  t h e r e  i s  a t r a d e - o f f  between 
r a d i a t i o n  r e s i s t a n c e  and the p r o c e s s i n g  c a p a b i l i t y  t o  b u i l d  h igh  
v o l t a g e  j u n c t i o n s .  

I n  o r d e r  t o  complete a l l  c o n t r a c t  commitments, it w a s  necessa ry  
t o  opt imize  t he  d e s i g n  and t o  f a b r i c a t e  dev ices  r e p r e s e n t a t i v e  of  
t h i s  des ign .  Howevers i n  c o n s i d e r a t i o n  o f  t h e  amount of  t i m e  and 
expense s p e n t  i n  a d d i t i o n a l  p rocess  development and expe r imen ta t ion ,  
i t  became necessa ry  t o  fo rmula t e  a new o b j e c t i v e :  
w . i t h  optimum r a d i a t i o n  r e s i s t a n c e  which cou ld  be  fabricated us ing  
e x i s t i n g  s t a t e - o f - t h e - a r t  p rocess ing  and y e t  would m e e t  a l l  t h e  

d e s i r e d  o b j e c t i v e  dev ice  s p e c i f i c a t i o n s .  S ince  t h e  t i - m e  element 
w a s  becoming an impor t an t  c o n s i d e r a t i o n ,  one f u r t h e r  requi rement  w a s  

p l aced  on t h e  des ign .  The dev ice  would have t o  be fabricated w i t h  

t h e  convent iona l  double beve led  s t r u c t u r e  which p l a c e s  a s m a l l  

n e g a t i v e  ang le  on t h e  forward 

t o  des ign  a dev ice  
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b lock ing  j u n c t i o n .  This  w a s  i m p o r t a n t ,  s i n c e  it had been d e t e r -  
mined t h a t  a l i m i t i n g  f a c t o r  for t h e  b lock ing  v o l t a g e  c a p a b i l i t y  of 
a sha l low j u n c t i o n  w a s  t h e  s u r f a c e  c o n t o u r ;  a p o s i t i v e  ang le  w a s  

optimum. 
had t o  be i n c r e a s e d  ove r  and above t h a t  which would have been neces- 
sary with  a p o s i t i v e  a n g l e .  The r e s u l t s  from t h e  des ign  are summar- 
:zed i n  Figure 6 . 5 .  

This  meant t h a t  t h e  p-base width and t h e  j u n c t i o n  depth  

?j = 1 . 5 ~ 1 0 1 ~ - 5 x l O ~ ~  c m e 3  sp 

32pm 
25-28pm 

18-22 S2-cm n 9 0 - 1 0 0 y m  

5 6 - 6 0 ~ m  

F i g u r e  6 . 5  Redesigned S t r u c t u r e  f o r  t h e  
Rad ia t ion  R e s i s t a n t  SCR. 

T h i s  s t r u c t u r e  could be f a b r i c a t e d  w i t h  s t a n d a r d  p rocess ing .  
Since both p-type d i f f u s i o n s  are r e l a t i v e l y  deep,  it became p o s s i b l e  
t o  use t h e  s t a n d a r d  double  s i d e  g a l l i u m  d i f f u s i o n  and,  consequen t ly ,  
t o  e l i m i n a t e  t h e  s i n g l e  s i d e  l app ing  and e t c h i n g  o p e r a t i o n  which w a s  
r e q u i r e d  i n  t h e  o r i g i n a l  s t r u c t u r e .  Of c o u r s e ,  t h e  a d d i t i o n a l  sha l low 
p-type d i f f u s i o n  w a s  a l s o  e l i m i n a t e d ,  Devices r e p r e s e n t a t i v e  of  t h e  
above s t r u c t u r e  were f a b r i c a t e d  s u c c e s s f u l l y .  The r e s u l t s  are i nc luded  
i n  t h e  fo l lowing  s e c t i o n .  
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6 I) 4.2 R e s u l t s  

The r e s u l t s  from the d e v i c e  r e d e s i g n  are summarized below. While 
t h e  t o t a l  y i e l d  w a s  q u i t e  low, s u f f i c i e n t  dev ices  were f a b r i c a t e d  
w i t h  t h e  d e s i r e d  b l o c k i n g  v o l t a g e  t o  complete c o n t r a c t  commitments. 
A ccnp l2 te  summary of a l l  t e s t  r e s u l t s  can be found i n  S e c t i o n  7. 
Thzse r - z s u l t s  are i n c l u d e d  h e r e  t o  e s t a b l i s h  t h a t  b l o c k i n g  v o l t a g e  
was achieved  on t h e  r edes igned  s t r u c t u r e .  

D E V I C E  # 

211- 1 
2'11- 3 
211- 6 
212- 2 
212- 3 
212- 4 
212- 8 
212-10 
212-13 
212-15 
212-16 
212-19 
212-22 
215- 1 
215- 2 
215- 4 
215- 6 
215-13 
215-16 
216- 3 
216- 4 

Figure  6 . 6  

/I (ma) ' (BO) D 

720/1 
700/3 
700/2 
600/10 
640/10 
750/5 
700/4 
700/5 
6 6 0 / 5  
700/2 
760/1 
680/1 
700/1 
660/5 
730/1 
760/1 
760/1 
770/1 
690/1 
780/1 
720/1 

'(BRPR ( m a )  

730/1 
620/5 
700/2 
680/1 
740/1 
790/1 
740/1 
700/1 
720/1 
730/1 
740/1 
680/1 
710/1 
780/1 
740/1 
760/1 
740/1 
770/1 
780/1 
680/1 
720/1 

Summary of the R e s u l t s  of t h e  
B 1 o ck ing  Vo It age Cap ab  i 1 it y 
of t h e  Redesigned R a d i a t i o n  
Res i s  t a n t  S CR e 
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7. TEST ~ESULTS 

XEASURESENT 

7 e 1 Crystal Measurements 

METHOD 

The Table in Figure 7.1 summarizes the results of the 
measurements performed on the starting crystal ingot and 
wafers a 

Minority Carrier 
Lifetime 

Photo Decay 
(ASTM-F28-06) 

Honogeneity of Bulk 
Conductivity 

2 Pt./4 Pt. Probe 

Uniformity of 
Lateral Wafer 
Conductivity 

Majority Carrier 
Mobility (Hall) 

van der Pauw 
( 2  samples) 

Crystal Growth 
Process 

Crystalographic 
Growth Dimension 

Degree of 
Compensation 

Mon-x Dislocation 
free 

Oxygen Content Infrared 

Dopant Type and 
Concentration 

RESULTS 

Minevariation 6.3% 
Max.Variation 9.0% 

Min. 600 psec 
Max. 1000 psec 

1686 cm2/V-Sec 
1733 cm2/V-Sec 

1-1-1 

<3% 

Below Detectable 
Level. 

Phosphorus 
2 3-2 .9x1Ol4 cm-3 

Figure 7.1 Summary of Test Results for 
Starting Crystal Ingot and 
Wafers 
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7 . 2  S C R  Measurements and Discuss ion  

The Table  i n  F igu re  7 . 2  shows a summary o f  t h e  forward and 
r e v e r s e  b lock ing  v o l t a g e s  and t h e  forward v o l t a g e  drop .  I n  t h e  
case of  t h e  b l o c k i n g  v o l t a g e s ,  two v a l u e s  are g iven .  The f i r s t  

v a l u e  cor responds  t o  t h e  r e a d i n g s  t a k e n  immediately p reced ing  com- 
p l e t e  e l e c t r i c a l  e v a l u a t i o n ,  wh i l e  t h e  second v a l u e  cor responds  t o  
t h e  r e a d i n g s  t a k e n  immediately fo l lowing  comple t ion .  The t a b l e  i n  

F igure  7 . 3  shows a summary o f  forward and r e v e r s e  b lock ing  c u r r e n t s ,  
g a t e  c u r r e n t  and v o l t a g e - t o - f i r e ,  t u r n - o f f  t i m e ,  h o l d i n g  c u r r e n t ,  
d v / d t ,  and t h e r m a l  impedance. By comparison o f  t h i s  t a b l e  w i t h  t h e  
o b j e c t i v e  d e v i c e  s p e c i f i c a t i o n s  found i n  Appendix A ,  it can be seen  
t h a t  a l l  t h e  o b j e c t i v e s  were accomplished w i t h  t h e  e x c e p t i o n  o f  t h e  
forward and r e v e r s e  b l o c k i n g  c u r r e n t s  a t  125OC. This  o b j e c t i v e  
could  have been m e t  by r e d u c i n g  t h e  go ld  d i f f u s i o n  t empera tu re .  
Eowever, t h i s  cou ld  cause  a r e d u c t i o n  of  t h e  b lock ing  v o l t a g e  capa- 
b i l i t y .  A s  d i s c u s s e d  i n  S e c t i o n  5 ,  t h e  i n i t i a l  go ld  d i f f u s i o n  
t empera tu re  and ,  h e n c e ,  l i f e t i m e  w a s  s e l e c t e d  such t h a t  t h e  i n i t i a l  
r e s i s t i v i t y  would i n c r e a s e ,  r a i s i n g  t h e  b l o c k i n g  v o l t a g e .  I n  accord-  
ance wi th  o u r  des ign  ph i losophy ,  it wa13 d e c i d e d  t h a t  t h e  b lock ing  
v o l t a g e  c a - , a b i l i t y  w a s  more impor t an t  t h a n  a s l i g h t  i n c r e a s e  i n  
- le<-:sEe - c u r r e n t ,  e s p e c i q l l y  s i n c e  t h e  p o s t  i r r a d i a t i o n  l eakage  
c-rltz:-=s - . g i l l  i n c r e a s e  above t h i s  v a l u e  e 

-%I a d d i t i o n a l  problem w a s  encountered  w i t h  t h e  d v / d t  measure- 
ment. A s  can be s e e n  i n  t h e  t a b l e ,  a f e w  d e v i c e s  d i d  n o t  m e e t  t h e  
5 0 V / u s e c  s p e c i f i c a t i o n .  I t  i s  b e l i e v e d  t h a t  t h i s  r e s u l t e d  from 
5 unc t ion  i r r e g u l a r i t i e s  i n  t h e  p-base forming l o c a l i z e d  r e g i o n s  
y i t h  h igh  s e n s i t i v i t y ,  ( h i g h  npn g a i n ) .  Th i s  arguement i s  suppor t ed  
by c o n s i d e r i n g  t h e  h o l d i n g  c u r r e n t  d a t a .  A more s e n s i t i v e  d e v i c e  
woulds i n  g e n e r a l ,  have a lower h o l d i n g  c u r r e n t .  I n  a d d i t i o n ,  
s e v e r a l  d e v i c e s  f a i l e d  d u r i n g  d v / d t  t e s t i : i g .  A t y p i c a l  ampl i fy ing  
g a t e  t y p e  SCR i s  des igned  such t h a t  t h e  p i l o t  SCR i s  more s e n s i t i v e  
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t o  d v / d t .  I n  t h i s  s t r u c t u r e ,  t h e  p i l o t  SCR would turn-bn  f i r s t  
and p rov ide  safe g a t e  d r i v e  f o r  t h e  main S C R .  I f  a l o c a l i z e d  
r e g i o n  becomes more s e n s i t i v e  t o  d v / d t ,  however, t h e  d e v i c e  w i l l  
t r i g g e r  a t  t h i s  p o i n t ,  and t h i s  p o i n t  must be s u f f i c i e n t l y  l a r g e  
t o  handle  t h e  i n i t i a l  c u r r e n t  s u r g e ,  o r  a f a i l u r e  w i l l  r e s u l t .  The 
f ac t  t h a t  s e v e r a l  d v / d t  f a i l u r e s  d i d  r e s ' u l t  l e a d s  t o  t h e  conc lus ion  
of l o c a l i z e d  s e n s i t i v e  r e g i o n s .  I t  should  a l so  be mentioned t h a t  t h e  
d v / d t  measurements were n o t  completed because  of t h e  chance of 

f a i l u r e  d u r i n g  t e s t i n g .  
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BEFORE TEST AFTER TEST 

v ( B O ) / I ,  ' ( B R ) R / I ~  v(BO)/I, ' ( B R ) R / I ~  

DEVICE ( V / m a  1 ( V / m a >  ( V / m a >  t V / m a )  

A 6 0 0 / 1 0  6 8 0 / 1  6 0 0 / 1 2  6 6 0 / 1  
B 6 4 0 / 1 0  7 4 0 / 1  6 0 0 / 8  7 3 0 / 1  
C 7 5 0 / 5  7 9 0 / 1  7 5 0 / 7  7 8 0 / 1  
D 7 0 0 / 4  7 4 0 / 1  7 0 0 / 5  7 2 0 / 1  
E 7 0 0 / 5  7 0 0 / 1  6 8 0 / 5  6 8 0 / 1  
F 6 6 0 / 5  7 2 0 / 1  6 6 0 / 5  7 0 0 / 1  
G 7 0 0 / 2  7 3 0 / 1  7 0 0 / 2  7 2 0 / 1  
H 7 4 0 / 1  7 5 0 / 1  7 2 0 / 1  7 4 0 / 1  
I 6 8 0 / 2  6 8 0 / 1  1 6 8 0 / 2  6 8 0 / 3  
J 7 0 0 / 1  7 1 0 / 1  7 0 0 / 1  7 1 0 / 1  
K 6 6 0 / 5  7 8 0 / 1  6 6 0 / 5  7 4 0 / 1  
L 7 6 0 / 1  7 6 0 / 1  7 4 0 / 1  7 4 0 / 1  
M 7 7 0 / 1  7 7 0 / 1  7 5 0 / 1  7 5 0 / 1  
N 6 9 0 / 1  7 8 0 / 1  6 6 0 / 1  7 6 0 / 1  
0 7 8 0 / 1  6 8 0 / 1  7 8 0 / 2  6 6 0 / 1  
P 7 2 0 / 1  7 3 0 / 1  7 0 0 / 1  7 2 0 / 1  
Q 7 0 0 / 3  6 2 0 / 5  7 0 0 / 5  6 2 0 / 5  
R 7 3 0 / 1  7 4 0 / l  3 8 0 / 7  3 8 0 / 1 0  
S 7 6 0 / 1  7 4 0 / 1  2 5 0 / 5  7 3 0 / 1  
T 5 2 0 / 3  7 6 0 / 1  500/1 7 2 0 / 1  

Note: Devices A t h r u  0 are encapsu la t ed  
Devices P t h r u  T are subassembly 

VT ( 3 0 0 A )  

( V I  

1 . 2  

1 . 3  

1 . 3  

1 . 3  

1 . 3  

1 . 2  

1 . 2  

1 . 3  

1 . 3  

1 . 2  

1 . 2  

1 . 3  

1 . 2  

1 . 4  

1 . 3  

1 . 7  

1 . 9  

1 . 2  

1 . 3  
- 

Figure 7 . 2  Summary of Forward and Reverse 
Blocking Voltages and t h e  
Forward Voltage Drop a t  T=25OC. 
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8 .  SUMMARY AND DISCUSSIO’H OF RESULTS 

Two major  e f f ec t s  of r a d i a t i o n  on s i l i c o n  w e r e  c o n s i d e r e d ,  
t h e  dec rease  i n  m i n o r i t y  c a r r i e r  l i f e t ime  and t h e  i n c r e a s e  i n  
r e s i s t i v i t y .  AS a r e s u l t  of t h e  above c o n s , i d e r a t i o n s ,  t h e  fo l lowing  
changes i n  SCR c h a r a c t e r i s t i c s  were p r e d i c t e d  for i n c r e a s i n g  r a d i a -  
t i o n  f l u e n c e :  

1) Avalanche v o l t a g e  capab i l i i t y  i n c r e a s e s ,  . w h i l e  t h e  

b l o c k i n g  v o l t a g e  c a p a b i l i t y  of t h e  dev ice  cou ld  
d e c r e a s e  by punchthrough i f  t h e  base  wid th  i s  n o t  
s u f f i c i e n t l y  wide t o  accommodate t h e  d e p l e t i o n  
r e g i o n  s p r e a d i n g .  

2 1 Forward and r e v e r s e  b lock ing  c u r r e n t s  i n c r e a s e  a 

3 )  Forward conduct ing  v o l t a g e  i n c r e a s e s .  

4 Holding c u r r e n t  i n c r e a s e s  e 

5 )  Gate c u r r e n t  and v o l t a g e  i n c r e a s e .  

6 )  Turn-on losses increase.  

7 )  Turn-off t i m e  d e c r e a s e s .  

8 )  d v / d t  c a p a b i l i t y  i n c r e a s e s .  

I n  o r d e r  t o  des ign  a dev ice  w h i c h  would ma in ta in  i t s  b lock ing  
v o l t a g e  c a p a b i l i t y  and s w i t c h  w i t h  r e a s o n a b l e  g a t e  c u r r e n t s ,  t h e  
fo l lowing  d e s i g n  phi losophy w a s  e s t a b l i s h e d :  

1) Select a lower s t a r t i n g  r e s i s t i v i t y  t o  compensate 
for t h e  expec ted  r ise  i n  r e s i s t i v i t y .  

2 )  I n c r e a s e  t h e  i n i t i a l  base  wid th  ‘ to accommodate 
for t h e  i n c r e a s e d  space  charge  r e g i o n  s p r e a d i n g .  

3 )  Dif fuse  a narrow p-base r e g i o n .  

4 )  D i f f u s e  a sha l low forward b l o c k i n g  j u n c t i o n  t o  
e s t a b l i s h  a h i g h  b u i l t  i n  f i e l d  i n  t h e  p-base r e g i o n .  
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5 )  Di f fuse  s t e e p  c o n c e n t r a t i o n s  g r a d i e n t s  n e a r  t h e  
emi t t e r  j u n c t i o n  t o  e s t a b l i s h  h igh  i n j e c t i o n  
e f f i c i e n c y .  

6 )  U s e  p i l o t  g a t e  t r i g g e r i n g .  

7 )  Gold d i f f u s e  t o  reduce  t h e  i n i t i a l  deviCe s e n s i t i v i t y .  

An SCR w a s  des igned  based upon t h i s  phi losophy and w a s  shown 
i n  Figure 5 . 1 0 .  When t h i s  s t r u c t u r e  w a s  f a b r i c a t e d ,  however, problems 
were encountered wi th  t h e  b locking  v o l t a g e  c a p a b i l i t y  of t h e  shal low 
d i f f u s e d  j u n c t i o n .  A s  a r e s u l t ,  t h e  SCR w a s  r edes igned  wi th  a deepe r  
d i f f u s e d  s t r u c t u r e  as shown i n  F igure  6.5. The major d i f f e r e n c e s  
between t h e  two s t r u c t u r e s  are t h e  deeper  d i f f u s e d  forward b lock ing  
and a wider  p-base r e g i o n .  S ince  bo th  of t h e s e  changes are i n  a 
d i r e c t i o n  t o  degrade t h e  r a d i a t i o n  r e s i s t a n c e ,  some c o n s i d e r a t i o n  
should be g iven  t o  t h e  amount of degrada t ion .  

A s  a r e s u l t  of changes i n  t h e  d e s i g n ,  no degrada t ion  i n  t h e  
r a d i a t i o n  t o l e r a n c e  of t h e  b locking  v o l t a g e  c a p a b i l i t y  w i l l  be 
exper ienced .  This  conc lus ion  i s  e v i d e n t ,  s i n c e  no changes have been 
made i n  t h e  n-base c o n c e n t r a t i o n  or width .  On t h e  o t h e r  hand, a 

d e f i n i t e  deg rada t ion  of  t h e  g a t e  c h a r a c t e r i s t i c s  w i l l  be expe r i enced ,  
as a r e s u l t  o f  t h e  i n c r e a s e  i n  j u n c t i o n  depth  and p-base wid th .  The 
reasons  f o r  t h i s  d e g r a d a t i o n  are a l s o  e v i d e n t .  The p-base t r a n s p o r t  
f a c t o r  w i l l  d e c r e a s e ,  s i n c e  t h e  base  wid th  i s  wider  and s i n c e  t h e  
b u i l t - i n  f i e l d  i s  reduced for t h e  deeper  d i f f u s i o n .  A l s o ,  t h e  i n j e c -  
t i o n  e f f i c i e n c y  will dec rease  ( s l i g h t l y ) ,  s i n c e  t h e  c o n c e n t r a t i o n s  
g r a d i e n t s  are more graded .  One can see t h e  e f fec t  on t h e  t r a n s p o r t  
f a c t o r  by examining t h e  curve  in Fi.gure 5 . 8 .  Here, t h e  second set  
of curves  have been c a l c u l a t e d  for t h e  base  of t h 2  r edes igned  
s t r u c t u r e ,  i . e . ,  Nsp=5x101'7, X j p = 5 0  p m e t e r s ,  and Wgp=25 umeters. 
One can see t h a t  t h e  t h e o r e t i c a l  t r a n s p o r t  factor  f a l l s  o f f  a t  a 
va lue  of l i f e t i m e  an o r d e r  of magnitude h i g h e r  t h a n  f o r  the case 
of  t h e  i n i t i a l  des ign .  Consequent ly ,  one should  expec t  t o  sqe 

degrada t ion  of t h e  g a t e  c h a r a c t e r i s t i c s  a t  lower r a d i a t i o n  l e v e l s  
t h a n  wi th  t:ge o r i g i n a l  s t ruc t :u re  e 
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9 .  CONCLUSIONS AND RECOMMENDATIONS 

Based upon t h e  work which has  been done on t h i s  c o n t r a c t ,  t h e  
fo l lowing  conc lus ions  can be drawn: 

1) 

2 )  

3 )  

I n  

A h i g h  c u r r e n t ,  600  v o l t  SCR can t h e o r e t i c a l l y  be des igned  
t o  be r a d i a t i o n  r e s i s t a n t  t o  a f l u e n c e  of  5x1Ol3 n v t  and 
1x106 r a d s ( C ) .  

A t r a d e - o f f  w a s  found between g a t e  s e n s i t i v i t y  and 
b lock ing  v o l t a g e  c a p a b i l i t y .  I n  o r d e r  t o  o b t a i n  high 
g a t e  s e n s i t i v i t y ,  sha l low j u n c t i o n s  are r e q u i r e d .  

The sha l low d i f f u s e d ,  narrow base  s t r u c t u r e  r e q u i r e d  
f o r  t h e  r a d i a t i o n  r e s i s t a n t  SCR mentioned i n  1) i s  
n o t  a t t a i n a b l e  on l a r g e  area dev ices  wi thou t  s i g n i f i c a n t  
p rocess  development. 

o r d e r  t o  r e a l i z e  t he  opt imized  s t r u c t u r e  which w a s  theo-  
r e t i c a l l y  des igned  d u r i n g  t h e  i n i t i a l  phase of t h i s  c o n t r a c t ,  w e  
recommend t h a t  e f f o r t  be d i r e c t e d  toward t h e  p rocess  development 
necessary  t o  : 

Solve t h e  problems a s s o c i a t e d  w i t h  shal low j u n c t i o n s ,  
such t h a t  l a r g e  area dev ices  can be d i f f u s e d  w i t h  

uniform narrow bases  ; 

Solve t he  problems a s s o c i a t e d  w i t h  s u r f a c e  breakdown 
on h igh  v o l t a g e  dev ices  d i f f u s e d  w i t h  sha l low 
j u n c t i o n s  by u s i n g  a p o s i t i v e  con tour  or by o t h e r  
t e c h n i q u e s ,  such  as f i e l d  l i m i t i n g  r i n g s .  
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APPENDIX A 

OBJECTIVE DEVICE SPECIFICATIONS 

C h a r a c t e r i s t i c  

Minimum Forward 
Blocking Voltage 

Symbol 

'FB 

Condi t ion  

T = 1 2 5 O C  
j 

Value 

6 O O V  

Maximum R e p e t i t i v e  PRV 
Peak Reverse Voltage 

T = 125OC 
j 

600V 

Maximum Forward 
Blocking Curren t  S 

i T = 125OC 

and r a t e d  dc VFB 
j 

15ma 

T = 1 2 5 O C  15ma 
ir j 

Maximum Reverse 
Blocking Curren t  and r a t e d  dc  PRV 

475A IF(rrns)  Minimum r m s  
Forward Curren t  

IF = 300A dc  1 . 6 V  'FM 

IGT 

Maximum Forward 
Voltage Drop 

Maximum Gate 
Current  t o  T r i g g e r  

VFB = 5v, 300ma 

T = 2 5 O C  
j 

Maximum Gate VFB = 5v,  4v 
Voltage t o  T r i g g e r  

T = 25OC 
j 

Typ ica l  Holding 
Current  I H  T = 2 5 O C  25ma 

j 

Maximum Turn-off 
T i m e  t~~~ IF =300A, 

IR = 2 0 A ,  

T = 2 5 O C  
j 

30us 

Minimum d v / d t  d v / d t  Exponent ia l  
to V~~ 

50V/us 

Maximum Turn-on 
T i m e  

td ' tr IF =300A, 10-90%, 4lJs 
Under High Gate 
Drive 
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APPENDIX B 

DEVICE PARAMETER CALCULATIONS 

1. L i f e t i m e  

A two p a r t  model has  been used t o  c a l c u l a t e  t h e  minor i ty  ca r r i e r  
l i fe t ime.  The f i r s t  i s  t h e  classical t h r e e  charge  s t a t e  model pro- 
posed by H a l l ,  Shockley and Read, assuming a double  l e v e l  recombinat ion 
c e n t e r  f o r  go ld  The second i s  t h e  t w o  l e v e l  model 
proposed by Messenger, assuming an  i n c i d e n t  neu t ron  f l u e n c e  and t a k i n g  
e m p i r i c a l  d a t a  t o  de te rmine  r a d i a t i o n  damage c o n s t a n t s  f o r  s i l i c o n ( 1 0  I .  

Assuming go ld  as t h e  dominant recombina t ion  c e n t e r ,  t h e  m i n o r i t y  
c a r r i e r  l i fe t imes for h o l e s  and e l e c t r o n s  can be expressed  by the  

fo l lowing  e q u a t i o n s ( 3 5 )  : 

- T - 
P 

Where 

NT = 

'n 
a = p r o b a b i l i t y  of h o l e  c a p t u r e  by n e g a t i v e  go ld  atom, 

6, = 

c o n c e n t r a t i o n  of gold recombina t ion  c e n t e r s ,  

= p r o b a b i l i t y  of e l e c t r o n  c a p t u r e  by n e u t r a l  go ld  atom, 

P 
p r o b a b i l i t y  of e l e c t r o n  c a p t u r e  by p o s i t i v e  go ld  a t o m g  

= p r o b a b i l i t y  of h o l e  c a p t u r e  by n e u t r a l  gold atom. 
f P  
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I n  t h e  space  charge r e g i o n  of a r e v e r s e  b iased  j u n c t i o n ,  t h e  
expres s ion  f o r  recombina t ion  r a t e  g i v e s  r i s e  t o  a n e t  g e n e r a t i o n  o f  
car r ie rs .  For a double l e v e l  c e n t e r ,  t h i s  g e n e r a t i o n  ra te  i s  expres-  
s ed  i n  t e r m s  of both l e v e l s .  I n  t h e  case of g o l d ,  however, t h e  
a c c e p t o r  l e v e l ,  Ea ,  i s  t h e  dominant l e v e l  ( 3 4 ) ,  and t h e  expres s ion  f o r  
t h e  n e t  g e n e r a t i o n  r a t e  reduces  t o  t h e  famil iar  s i n g l e  l e v e l  
e x p r e s s i o n ,  

-1 T Ea - Ei 1 - ‘OSH ~ kT 

where 

1 1 
¶ 

- T - - - 
N~ an N a  na  f 

T P  Pa 

T = Absolute  t empera tu re ,  
= I n t r i n s i c  f e r m i  l e v e l ,  Ei 

n .  = I n t r i n s i c  carrier c o n c e n t r a t i o n .  
I 

Messenger has  assumed t h a t  t h e  l i f e t i m e  ‘c results from t h e  

independent a c t i o n  of two recombina t ion  c e n t e r s  c h a r a c t e r i z e d  by 
l i f e t imes  TI and ~ 2 ,  such t h a t  

Here t h e  damage c o n s t a n t  K and ,  hence ,  t h e  l o w  l e v e l  l i f e t i m e  
can be found f o r  e l e c t r o n s  and h o l e s  b y  t h e  fo l lowing  e q u a t i o n s :  
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c p l  R1 
n, I 

0 
1+, 

+ cp2 % 
1 +  cp2 p2 

‘n2 no 

, 

where 

= Equi l ibr ium e l e c t r o n ,  h o l e  c o n c e n t r a t i o n s .  

= E l e c t r o n ,  h o l e ,  c o n c e n t r a t i o n  wi th  t h e  f e r m i  l e v e l  
no9  Po 

n 1 3  p2 were a t  t h e  t r a p  l e v e l .  

C = E l e c t r o n  and h o l e  c a p t u r e  r a t e s .  C p l ’  ‘nl’ p2’ ‘n2 
R1’ R2 = I n t r o d u c t i o n  rates of  c e n t e r s .  

These parameters  w e r e  determined by a l ea s t  square  f i t  t o  s i l i c o n  
low l e v e l  l i fe t ime damage c o n s t a n t  d a t a .  

2 .  Mob i l i t y  

The m o b i l i t y  c a l c u l a t i o n  t a k e s  i n t o  account  t h e  e f f e c t s  of l a t -  
t i ce  s c a t t e r i n g ,  impur i ty  s c a t t e r i n g  and ca r r i e r  t o  c a r r i e r  s ca t t e -5ng .  
The c a l c u l a t i o n s  of l a t t i c e  m o b i l i t y  i s  based on t h e  e m p i r i c a l  :-~cr:< af 
Ludwig and W a t t e r ~ ( ~ ~  
of T‘2 * 5  f o r  e l e c t r o n s ,  and T ” 2 e 7  for h o l e s  e 

Conwell(37) p r e s e n t s  a r e l a t i o n s h i p  f o r  t h e  impur i ty  m o b i l i t y  

which proposes  a m o b i l i t y  tempera ture  dependency, 
A paper  by DeBye ‘and 

where 

2 2  6 K  mn k T 
b =  

2 2  Trn -h q 
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The above paper a l s o  combines t h e  impur i ty  mob i l i t y  w i t h  t h e  

l a t t i c e  m o b i l i t y  by t h e  r e l a t i o n s h i p :  
7 

7T 11 
Sin 31 z c o s z  -+ s i  z Sin  z - 

“..A 

and 2 
z = 6 1 J L h I  

)-I - 1 - I  
L -  I 

where 

C i ,  S i  are the  i n t e g r a l  c o s i n e  and s i n e .  

The above e x p r e s s i o n s  are used t o  c a l c u l a t e  m o b i l i t y  which i s  
v a l i d  under c o n d i t i o n s  of l o w  l e v e l  i n j e c t i o n .  

For h igh  l e v e l  i n j e c t i o n ,  t h e  effect  o f  carr ier  t o  car r ie r  
s c a t t e r i n g  n e c e s s i t a t e s  an  a d d i t i o n a l  c a l c u l a t i o n  t aken  from L .  W .  

Dav ie s (38 ) .  

- 1  1 
3 K 2  (kT) 3 / 2  

’ T  nq 
- - 

1 / 2  2 5 / 2  3 ’iCc; 

where, K i s  the  d i e l e c t r i c  c o n s t a n t  and mn, mp a r e  t h e  e f f e c t i v e  
masses of h o l e s  and e l e c t r o n s .  The h i g h  l e v e l  m o b i l i t y  i s  t h e n  ca lcu-  
l a t ed  from the  e q u a t i o n  

wher.2 ’io i s  t h e  l o w  l e v e l  m o b i l i t y .  

3 ,  Base TraFspor t  F a c t o r  

The model for t h i s  c a l c u l a t i o n  i s ‘  based on the  work of Hoerni 
and Noyce(17).  
modulat ion and b u i l t - i n  f i e l d s  i n  t h e  base  r e g i o n s .  

I t  takes i n t o  c o n s i d e r a t i o n  the  e f fec ts  of c o n d u c t i v i t y  

- 7 9 -  



The basic equa t ion  i s  t h e  fo l lowing t  

where W i s  t h e  width of t h e  base r e g i o n  under c o n s i d e r a t i o n  

are t h e  c h a r a c t e r i s t i c  l eng ths  i n t h e  n o r  p base due 
t o  d i f f u s i o n ,  

L 

2 kT Ld = - 
Et 

is t h e  charac te r i s t ic  l e n g t h  due t o  t h e  t o t a l  d r i f t  
f i e  I d ,  Et, and 

- 1/2 
- - 2  

Lt - 

i s  t h e  t o t a l  c h a r a c t e r i s t i c  l e n g t h .  

The t o t a l  e l e c t r i c  f i e l d  i s  e q u a l  t o  t h e  sum of t h e  b u i l t - i n  
f i e l d ,  E B ,  r e s u l t i n g  from an impur i ty  g r a d i e n t  and t h e  f i e l d  r e s u l t -  
i n g  from t h e  ohmic drop a c r o s s  t h e  base r e g i o n  EJ 

ET = EB + EJ 

EB + p J  

where p i s  t h e  r e s i s t i v i t y  and J i s  t h e  c u r r e n t  d e n s i t y .  
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It can be s e e n  t h a t  i n  t h e  absence of a b u i l t - i n  or an ohmic 
f i e l d ,  t h e  e q u a t i o n  for f3 r educes  t o  t h e  f ami l i a r  form of 

4 e Avalanche Vol taee  C a l c u l a t i o n  

Avalanche v o l t a g e ,  d e p l e t i o n  r e g i o n  w i d t h s ,  and t h e  m u l t i p l i c a -  
t i o n  f a c t o r s  are c a l c u l a t e d  assuming a complementary e r r o r  f u n c t i o n  
d i f f u s i o n  p r o f i l e .  

To de te rmine  t h e  d e p l e t i o n  r e g i o n  wid ths  as a f u n c t i o n  o f  a 

r e v e r s e  v o l t a g e ,  P o i s s o n ' s  e q u a t i o n  i s  s o l v e d  i n  one dimension 

- N )  d a 
d2$ - 9 ( N  

€ 0  
- 2 -  dx 

o r  

This  e q u a t i o n ,  a long  w i t h  t h e  c o n d i t i o n  of cha rge  n e u t r a l i t y ,  

p-n + Nd - Na = 0 

i s  s u f f i c i e n t  t o  s o l v e  f o r  t h e  e l e c t r i c  f: ield,  E ,  t h e  b lock ing  
p o t e n t i a l  $ and t h e  d e p l e t i o n  l a y e r  w id ths  on t h e  n and p s i d e  of 
t h e  junct5on. 

The m u l t i p l i c a t i o n  f a c t o r s  are determined from e q u a t i o n s  d e r i v e d  
by Howard ( 3 9 )  and used by Kokosa (1) 
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-1 W 
a n ( x >  exp [$  ( X I ]  dx 1 - exp C - $ ( W > l  - 

Mn - 

0 

M = M exp C - $  ( x ) l  
P n 

W 

0 

X 

PI,, Mp and Msc are t h e  m u l t i p l i c a t i o n  f a c t o r s  f o r  e l e c t r o n  h o l e  
and space charge  gene ra t ed  c u r r e n t  components, and a, and ap are t h e  

impact i o n i z a t i o n  ra tes  for e l e c t r o n s  and h o l e s .  

S ince  ava lanche  breakdown occur s  when t h e  m u l t i p l i c a t i o n  f a c t o r s  
approach i n f i n i t y ,  it can be s e e n  t h a t  t h e  g e n e r a l  c o n d i t i o n  for 
avalanche breakdown i s  

W S  
exp C-$(x>l  a n ( x >  e x p [ $ ( x > l  dx 1 

0 

where W' i s  the width  of the d e p l e t i o n  wid th  a t  which breakdown o c c u r s .  
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APPENDIX C 

LATERAL BASE B I A S I N G  CALCULATION 

The model used t o  c a l c u l a t e  t h e  e f fec ts  of l a t e r a l  base  
c u r r e n t s  i s  p i c t u r e d  below. Here t h e  p o r t i o n  from t h e  c e n t e r  
most p o i n t  of t h e  e m i t t e r  j u n c t i o n  t o  t h e  edge of t h e  s h o r t  i s  
ana lyzed  e 

J3 

J 2  

J1 

EMITTER 

'B2 

w S C  

w B 1  

I 

Model f o r  t h e  Two Dimensional Ana lys i s  
o f  t h e  Lateral Base B ias ing  Effec t .  

Four c u r r e n t  components have been i n d i c a t e d .  IB(x) i s  t h e  
l a t e r a l  base  c u r r e n t  p e r  u n i t  dep th  p a s s i n g  under  t h e  e m i t t e r  t o  
%he s h o r t .  The t o t a l .  b a s e ' c u r r e n t  i s  t h e  sum o f  all t h e  c o l l e c t e d  
c u r r e n t  components J c ( x )  a c r o s s  t h e  e m i t t e r ,  minus t h e  e m i t t e r  
c u r r e n t  components, JE(x)* 
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More s p e c i f i c a l l y ,  a t  any p o i n t  x 

s o  t h e  t o t a l  base  c u r r e n t  becomes 

W 

I B ( x ) d x  = /  'Bo 

0 

W 

0 

The c o l l e c t e d  c u r r e n t  component J c ( x )  and t h e  s h o r t  c u r r e n t  
component Js can be found from t h e  e q u a t i o n s  

Mn a n ( x )  J E ( x )  
+ 

1 - M CY, ( X I  J c ( x )  = Js 
P P  

- JO 
1 - M a ( X I  

P P  
Js - 

which are s i m i l a r  t o  t h e  c u r r e n t  e q u a t i o n  f o r  t h e  pnp i n  t h e  
r e v e r s e  b l o c k i n g  c a l c u l a t i o n .  The emitter c u r r e n t  component 
JE(x)  i s  de termined  from t h e  s t a n d a r d  d iode  e q u a t i o n  as a 
f u n c t i o n  of t h e  l a te ra l  base  b i a s  V(x> caused  by t h e  f l o w  o f  
base c u r r e n t  i . e .  

( C - 3 )  

(C-4) 
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where 
2 D ni 2 

P COTH ( > ( C - 6 )  
Dn ni 
Ln Np n 

Jo = 9 - -  

Np and Nn are t h e  doping c o n c e n t r a t i o n s  i n  t h e  p-base and e m i t t e r ,  
r e s p e c t i v e l y .  

The e f f e c t  of  t h e  s h o r t  can be seen  by c o n s i d e r i n g  t h e  b i a s  on 
t h e  e m i t t e r  j u n c t i o n  from x=W t o  x=o.  A t  x=W, t h e  e m i t t e r  edge and 
t h e  emi t t e r  j u n c t i o n  have ze ro  b i a s  and,  hence ,  J E ( W ) = O  by Equat ion 
( C - 5 ) .  There i s ,  however, a s h o r t  c u r r e n t  component a t  x=W e q u a l  
t o  t h e  c u r r e n t  through t h e  pnp p o r t i o n  of  t h e  dev ice .  The va lue  of 
Jc(x> from o<x<W i s  equa l  t o  t h i s  s h o r t  c u r r e n t ,  p l u s  a q u a n t i t y  

Mn an J E ( x )  
1 - M  a 

P P  

as can be seen  i n  Equat ion ( C - 3 ) .  Thus, when JE(x)  i s  s m a l l  
compared t o  J c ( x ) ,  t h e r e  i s  a base c u r r e n t  which flows a long  t h e  
e m i t t e r  given by Equat ion ( C - 2 ) .  This  I g ( x )  causes  a v o l t a g e  drop 
a c r o s s  t h e  e m i t t e r  which b i a s e s  t h e  e m i t t e r  w i t h  a v o l t a g e  given by 

This b i a s  causes  JE(x)  t o  i n c r e a s e  by Equat ion (C-5) which i n  t u r n  
causes  Jc(x)  t o  i n c r e a s e  by Equat ion ( C - 3 ) .  

r e n t  w i l l  r e ach  a maximum, s i n c e  V(x) is a maximum a t  t h a t  p o i n t .  
When t h e  c u r r e n t  a t  x=o r eaches  a l e v e l  s u f f i c i e n t l y  h i g h  t o  cause  

A t  x = o ,  t h e  e m i t t e r  cur-  

a J0 )  + a ( 0 )  = 1 
P 

t h e  turn-on current wZ11 be  known. 
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T h i s  t y p e  of  c a l c u l a t i o n  i s  u s e f u l  t o  examine t h e  e f fec t  of 
shorts i n  a g iven  s t r u c t u r e  a g a i n s t  forward  b lock ing  c u r r e n t s  or 
d v / d t  c u r r e n t s .  
((2-21, t h e  same a n a l y s i s  can  be used t o  c a l c u l a t e  t h e  g a t e  c u r r e n t s  
t o  turn-on .  

If a g a t e  c u r r e n t  component i s  added t o  Equat ion  

-86- 



11. SYMBOLS 

a a  
n '  P 

'n" 'p 

d i / d t  

dp / dx 

dv/dt 
- 
Y .  - 
7 

f 
X 

Y 

I A  

I D  

I G  

T -H 

I o  

I S C  

T - R  

J 

I< 

L L  
n ,' p 

Gain of t h e  npn and pnp t r a n s i s t o r  components, 
r e s p e c t i v e l y  

gase t r a n s p o r t  f a c t o r  i n  t h e  npn and pnp, r e s p e c t i v e l y .  

Ra te -o f - r i s e  of anode c u r r e n t .  

Concent ra t ion  g r a d i e n t  of m a j o r i t y  carriers.  

Ra te -o f - r i s e  of  anode v o l t a g e .  

I n t r i n s i c  energy l e v e l .  

E l e c t r i c  f i e l d  i n  t h e  x d i r e c t i o n .  

I n j e c t i o n  e f f i c i e n c y .  

T o t a l  c u r r e n t  th rough t h e  anode. 

Forward b lock ing  c u r r e n t .  

Gate c u r r e n t .  

Holding c u r r e n t .  

J u n c t i o n  Leakage c u r r e n t .  

Reverse b lock ing  c u r r e n t .  

Space charge  gene ra t ed  c u r r e n t  

Curren t  d e n s i t y  

Boltzmann's c o n s t a n t .  

D i f f u s i o n  l e n g t h  f o r  e l e c t r o n s  and k o l e s ,  r e s p e c t i v e l y .  

Avalanche m u l t i p l i c a t i o n  c o e f f i c i e n t s  f o r  e l e c t r o n ,  
h o l e  and space  charge  gene ra t ed  c u r r e n t s  r e s p e c t i v e l y .  
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- I n t r i n s i c  carrier c o n c e n t r a t i o n ,  i n 

- Doping c o n c e n t r a t i o n  f o r  donors  and a c c e p t o r s ,  
r e s p e c t i v e l y  N D '  NA 

- T o t a l  number o f  recombina t ion  c e n t e r s .  NT 

N - D i f f u s i o n  s u r f a c e  c o n c e n t r a t i o n  f o r  n and p t y p e ,  
r e s p e c t i v e l y .  Nsny s p  

$ - Radia t ion  f l u e n c e .  

A N / A $  - Carrier removal ra te .  

n v t  - A u n i t  o f  n e u t r o n  f l u e n c e  e q u a l  t o  t h e  t i m e  i n t e g r a l  
o f  t h e  neu t ron  f l u x .  (Equ iva len t  t o  n/cm2).  

n, P - E l e c t r o n  or h o l e  c o n c e n t r a t i o n s ,  n or p t y p e  s i l i c o n ,  
or as s u b s c r i p t s  meaning e l e c t r o n  or h o l e .  

P ,  0 - R e s i s t i v i t y  or c o n d u c t i v i t y .  

9 - E l e c t r o n i c  charge  e 

R - Recombination ra te .  

r a d  - A u n i t  o f  r a d i a t i o n  exposure e q u i v a l e n t  t o  1 0 0  e r g s  of  
energy  t r a n s f e r r e d  t o  1 gram of  a given material. 

T T  - Li fe t ime  of  e l e c t r o n s  and h o l e s ,  r e s p e c t i v e l y .  
n '  P 

t - Turn-off t i m e .  9 

T - Absolute  t empera tu re .  

- Forward b lock ing  v o l t a g e .  vD 

- Reverse b lock ing  v o l t a g e .  "R 

- Forward candyct ing  v o l t a g e .  vT 

- Forward breakover  v o l t a g e .  '(BO> 
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